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ABSTRACT 


This thesis defines a high-level microprogramming 
language called MICROL. The syntax of MICROL resembles 
that Of ALGOL 60 though at idittiers considerably in its 
semantics. The language has been defined formally by 
means of a Simple Precedence Grammar. 

A theoretical framework is established as a basis 
for the language definition. This framework views a 
mMicroprogrammable processor as a two-level system. The 
first level consisting of the control unit constitutes 
an ‘inner computer’ which manipulates the components of 
the second level which are the main memory, operational 
unLes and other elements of the data flow. A criterion 
of 'machine-independence' for microprogramming languages 
is also established. 

The language developed in this thesis extends the 
Previous work ol Husson, Eckhouse, Hattors et al), and 
Chu. The main features of this extension are facilities 
for defining a processor's timing attributes and data- 
paths. Furthermore, facilitives are provided for micro- 


programming I/O operations. 
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CHAPTER I 


INTRODUCTION . 


1.1 Review 


The subject of this thesis is the structure and 
definition of a proposed high-level microprogramming 
language called MICROL. The present chapter establishes 
the foundations for this investigation and reviews 
briefly the organization of the thesis. Adequate liter- 
ature reviews and the basic microprogramming concepts 
have been presented by Husson [16], Wilkes [36], and 
Rosin [27]. The essence of these reviews is assumed 
for the purpose of this thesis. 

Control memories may have one of several different 
Organizations. At one extreme, each bit of a micro- 
instruction corresponds to a single micro-operation, so 
that the length of the microinstruction word is of the 
same order of magnitude as the number of data-paths in 
the processor. This corresponds to the classical 
structure as proposed by Wilkes [34,35], and is generally 
referred to as the method of direct control. At the 
other extreme, every bit of the microinstruction is 
utilized to the maximum extent possible, thereby yielding 
the method of encoded control. Encoding of a microword 


can be realized by grouping together, mutually exclusive 
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micro-operations such that each of these groups consti- 
tuteese ste d.of the microinstruction; this particular 
Organization» is.called asminimally-encoded.one, [16,26, 
32)_..12n, a, different. form of encoding the meaning of 
certain fields in the microword is interpreted according 
tomehe, biteconriguration,ot.a separate control, field‘; 
the control field is thus analogous to the op-code in 
machine language instructions, with different values of 
the ‘op-code' invoking different combinations of micro- 
Operations:.: dhis, scheme, yields a highly-encoded micro- 


word Organization )| 26). 


ies eehe: Necessity, of. High-Level Microprogramming Languages 


The characteristics of different control memory 
organizations have been studied by several authors [7,16, 
207,22 ,260)% “These tstudires™indicate that ‘amnumberio£ 
parameters such as the set of machine language instruc- 
tions being implemented, the nature of the microprogram- 
med algorithms, and processor and memory technologies, 
Contribute directly “tothe total efficiency tofjlanyiwaven 
organization. The fact emerges however that nearly all 
microprocessors facilitating dynamic microprogramming, 
possess control memories with highly-encoded word organi- 
ZACLONS MP2 rin 

The reason for this bias towards highly-encoded 


organizations for dynamic microprocessors, may be 
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attributed to the fact that these organizations possess 
the op-code/operand structure of conventional machine 
language instructions. This permits considerable ease 
of programming at the user level. In contrast, 
minimally-encoded or direct-control microwords implicitly 
recognize the availability of parallel data-paths; thus 
effective programming of such microinstructions necessi- 
tates the utilization of all available parallel opera- 
E1ONS:eaFOr MOSt,processors,, the~probiem..of, coding) such 
"horizontal' microprograms is understandably complex. 
One solution to this problem would be the availa- 
bility of a high-level microprogramming language. The 
complexities of timing, asynchronicity, parallel task 
detection, and various other interactions attendant upon 
horizontal microprogramming may then be transferred from 
the domain of the programmer to that of the language 
COnpiler. pihwcact, Binplc. reasonable touclaimethar this 
would be the only way by which horizontal microprogramm- 
ing at the user level may be made a practical reality. 
In a broader context, the need for a high-level 
microprogramming language is made evident by exactly 
the same reason that motivated the development of 
FORTRAN and other problem-oriented languages: to be 
able to transform the programming task from a machine 
Orentedsactivity topone. thateis probilemgor algorithm 


Oriented. In particular, recent researches on micro- 
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programming applications makes the necessity of an 
algorithmic language even more urgently felt. For 
example, current investigations include the emulation 

of environments for general-purpose programming 

languages [13,24,28], SNOBOL ‘machines' [28], support 

for non-standard arithmetic routines and numerical 
analysis [28,30], and the emulation of operating system 
environments [9,33,37]. ‘Such-application will be greatly 
facilitated by the availability of an appropriate language 
for the expression and specification of microprogrammed 
Alertness. 

Finally, sattencLon+sis: drawn .to,the .pedagogical 
utility of such languages. At the present time, in spite 
of numerous efforts to define languages for the descrip- 
tion of computer systems, the treatment of computer 
organizations in the literature remain distinctly, expo- 
ShEOLV ell paature as Microprogramning.toperates i eat 
precisely that level at which the organization and 
structure .of computer systems.are mostly described, i.e. 
at what Bell and Newell call the 'register-transfer' 
level [3]. A high-level microprogramming language may 
thus be regarded as a metalanguage for describing digital 
machines at this level. 

A number of microprogramming languages have been 


developed in the past few years. These are reviewed in 
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Chapter II. It will be shown that these languages are 
only partially adequate, particularly with respect to 
such aspects as timing characteristics (of processors), 
I/O, machine-independence, and the data-path restric- 
tions that exist at the microprogram level. A new 
language, MICROL, is subsequently developed with the 
objective of permitting a more general set of defini- 


tional facilities than are presently available. 


Lo. OrganaZatvon. of the, Thesis 


This thesis is organized into six chapters. 
Chapter II reviews the literature on microprogramming 
languages with particular reference to high-level 
languages. | A discussion of “some a priori characteristics 
desirable in such languages is also included. 

Chapter III provides the theoretical framework 
for the present study. This framework establishes the 
viewpoint that a microprogrammable computer can be 
regarded as a two-level system, composed of a control 
component and a processor component. The control com- 
ponent, which contains the control memery and the micro- 
instruction sequencing logic, is viewed as an inner 
computer. The meee eeae component contains the main 
and auxiliary memories, Operational units, and other 


functional elements of the data-flow which are 
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manipulated by the inner computer. Using this frame- 
work, the 'machine-independence' of a microprogramming 


language is defined by: 


Defiunlerony al 

A microprogramming language L is machine- 
independent if the syntax and semantics of L are inde- 
pendent of the structure and behaviour of any arbitrary 


control component. 


The structure of MICROL is defined in Chapters 
iveand Vs Fanally, in Chapter Vi, MICROL is *compared 
with those languages reviewed in Chapter II. The most 
important features of MICROL are, briefly: an ALGOL-60 
type syntax; a set of declarative facilities which 
permit the definition of a large class of host and 
target processors irrespective of the control memory 
organization; executional statements for I/O micro- 
programming: and facilities for defining a processor's 
timing attributes. The latter permits automatic detec- 
tion of parallelism in microprograms. 

The scope of the investigation has been limited 
to the definition of the language; that is, considera= 
tions of implementation and compiler methodology have 
been excluded. However, in Appendix A, the syntax of 
MICROL is formally defined using the Backus-Naur nota- 


tiom |2oi, mn the form of ay Warth Weber Sample Precedence 
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Grammareil| iso that its unambiguity is assured. Appendix 
B contains some examples of microprograms written in 
MICROL for the MICRO-1600 and the IBM System/360 Model 
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CHAPTER II 


MICROPROGRAMMING LANGUAGES : A REVIEW OF THE LITERATURE 


2 eee LOCUctTLoON 


Most high-level microprogramming languages are 
Similar in that they incorporate standard programming 
constructs, such as assignment statements, conditional 
statements and subroutines. The differences between 
the various microprogramming languages appear to be in 
the declarative facilities that each provides. These 
facilities are required for specifying the processor's 
data flow and timing attributes. In this chapter 
several microprogramming languages are reviewed. It 
is shown that these languages are inadequate primarily 
in their declarative facilities because of the following: 
(a) Microprogramming involves the manipulation of 
data between different classes of memory elements, so 
that the data-paths interconnecting these memories must 
be specified. 

(b) Microprograms wrileEten £oOr Ginect. control, or 
minimally-encoded word organizations necessitate the 
Specitication Of parallel. micro-operations.—  InysoLt— 
ware languages for conventional single-processor 
systems the problem of parallel operations simply does 


Hot exist. An earlier study of the conditions for 


: 


gutnanpot ianblcra, eeacoepisd soda ah slime 
ienolsifnon ,etnemasate tnamapiees 26 done ,esoussenes 
nsewiod soomeistiib sd? .¢eatdvotdse tne ainsupss3e 7 

ah sd oF rs9qgs nepesipnbl pilmaszporqozsim éuetasy odd : : 
seedy .2sbivoxg Moss sett aststilios? sviteratosh ong © 
2'taazecexg odd phivizdge +o bortapss oie eetsiibon? 
wecqedo aidd «t -ao¢udinzis petmid bos wo? ageb 

$I .Sswolves sus) aopstipiz! puimmsrpozgqe1oim Leteves 
yiiusming otsepobentt str eopswpiral seers Jody awostea et 
rpniwollo= orf to seveacd asiyiiiont avisexeioeb +iedoiae 
to notteivaiasm oft zevlovri pitiime»porgoto iM (s) 
ee ,estaomols yxzomen jo aseee lo reesei neswied sisb 


aeum asivomsm sestit pnisnonnnotsint edisa-sieh off Fahd 
-belitioege ed 
to Loxdnoo Soevih 402. csddtew sheaporaoroa fd} 
ond sJstiessvan eiolissingp20 biow beboone-yllsmiakm 
Sion GI .enolinisygo-orsim Isiltesq 30 nossanitiosge 
xomzeperg-sipnia Isnofsnsyace 10% espeupee! sisw 
aoeb Yiqmia esaisexsqo Lalteseq Yo melderg =f. vee 
to? enoisibnoo sia Io ybuse =okites RA .teixe Jom 


F 
‘ a 


microprogram parallelism [8] shows the necessity of the 
processor's timing attributes in determining parallel 
micro-operations. Thus the timing’ attributes must be 
Specified in the declarative facilities. 
(c) the; lack Of facilities. tor microprogranmea 1/0 
operations. 

Finally there exists the important question as 
to how a microprogramming language is to be machine- 
independent. Since the declarative facilities describe 
the processor, it 1S clear that the notion of machine- 
independence of problem-oriented languages is inadequate 
LOr- MiLcroprogramming ‘languages. Definition If] ftormaily 


establishes a different criterion for machine-independence. 
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One of the earliest algorithmic languages used 
for describing microprograms is APL developed in 1962 
by Iverson [18]. Subsequently, a formal description of 
the IBM System/360 at the machine language level using 
APL was published [ll]. 

The Main attrLlbutre OL API Ws arconcise and powexr— 
ful notation tor the Manipulation OL arrays which Cons— 
titute the Single composite data-object in the language. 
Since memories, registers, and other storage elements 


which form the primary data-structures in microprogramming 
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may be conveniently represented by arrays, APL appears 
to be particularly suitable for microprogramming. 

In its present form however, it offers two serious 
disadvantages. The first of these, paradoxically, is 
Pes @teolc lI Gero! In data-structural capabilities *solely 
Co darrays.. Por reasonssshown in-Chapter Iftl;, this 
would prove to be inadequate for describing the entire 
range of objects that need to be represented at the 
microprogramming level. Secondly, the very compactness 
and power of the APL operators, making it so effective 
in certain applications, proves to be detrimental in the 
writing, debugging, and understanding of microprograms, 
Since the sequencing of the data-path activities that 
characterize microprograms, are grossly underspecified 
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22.0 uusson s Language 


A language with a FORTRAN-type syntax, developed 
by Husson et al [16] is composed basically of a machine 
G@escription part, and a control program description 
part. The former contains declarative statements 
similar to the FORTRAN dimension statement. The control 
program facility is an adaptation of FORTRAN and PL/1 
executable statements, and include the statements ASSIGN, 


TEveGoOtO, 00, CA, and DECODE., Iie DECODE Statement 16 
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similar to the computed GOTO in FORTRAN. For example, 


the execution of 


DECODESICX male. 12 


causes a branch to either 'L1l' or 'L2' depending on 
whether the value of 'X! is 0 or 1 respectively. The 
ASSIGN statement permits specification and manipulation 
Of three data types, binary, logical, and decimal. - 
The IF, GOTO, DO, and CALL statements are identical to 
corresponding constructs in FORTRAN and PL/1. 

At the time it was reported (1970), Husson's 
language though not completely defined, signified an 
important POint 1n the evolution of microprogramming 
Since Ui.was the first explicit Lormulation Of sa high- 
level, procedural, microprogramming language. 

Unfortunately the machine description facility 
is restricted to the representation of memory objects 
only. Moreover, input-output considerations are 
excluded from the scope of definition; finally it is 
not clear as to how timing attributes and parallel 


operations are characterized in the language. 


Ze MPL 


More recently Eckhouse [10] developed MPL which 
is a block-structured language with a PL/1 type syntax, 


MPL permits the specification of six types of data 
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items by means of DECLARE statements, namely: 


(a) machine registers, both real and virtual; 

(b) memories, main and micro; 

(co) local and auxiliary storage; 

(da) sevents' which correspond to testable conditions; 
(e) constants which may be decimal, binary, or hexa- 


decimal numeric Constants; and finally, 
(£) variables which may take on constant values. 
There are three types of executional statements 
in MPL: 
(a) the assignment statement whose right-hand side 


may be arithmetic or Boolean expressions; 


(b) thee cond? tional branch of the forme dic sew CHEN cicsles 
i USY ape Oe eead bt ell a 
(co) the unconditional GOTO statement. 


Aswad Pi7 i escne basic building block of NPL ais 
they procedure and the concepts of local andi global 
variables have been preserved in the language, providing 
its block-structured characteristics. Looping however 
has to be explicitly programmed, 

Like Husson's language, MPL is incompletely 
Gefined. For example, there are no explicitly defined 
constructs for I/O microprogramming, and mechanisms 
for denoting timing and parallelism are unspecified. 

In the latter context, it would appear that’ MPL’ was 


designed for the generation of highly-encoded microcode, 
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2h oeeMPGS 


Hattori, Yano and Fujino [14] described a language 
called MPGS which is composed of three parts - the 
Machine description part, the function part, and the 
mLcroprogram part. 

the Machine description part allows for the de- 
finition of the target machine's hardware, such as 
wegisters, subregisters, and memories. It also provides 
facilities for declaring the correspondence between the 
target machine and the host machine. This correspondence 
is described by means of DEFINE statements, whilst the 
target machine hardware is defined by means of DECLARE 


Stavrements.. FOr Cxanple, 


DECLARE A(32)). B(48) ; 


DEFINE A = SPM#1-2; 


B = SPM#3-4; 


defines two target machine registers, 'A' of 32 bits 
tengch, and. Bor 48 bits Length wwii chacorrespond sto 
Cheshoseandeni ne registers.) sOPMiy,)  SPM2) anda '(SePM3 5; 
"SPM4' respectively. 

ke microcode generation or translation rule is 
described in terms of translation control statements 
ano user detined microstatements. The function part of 


an MPGS program consists of subroutines which are 


Called ei1ther from Otner SsubxroOucines of by statements 
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in the microprogram part. For example, the function 

part may contain a subroutine named ARITH which when 

called from elsewhere in the program, executes a set 

Olwanstructions for performing arithmetic functions, 

the exact nature of which is determined by the actual 
parameters in the subroutine call statement. 

The statements within the microprogram part of 
an MPGS program describe the control block of the 
target machine. In essence, the statements in the 
micrvoprogram part are calls to subroutines contained 
inches runction part, and may in addition, include the 
names of the temporary registers and microcommands. 
As an example, a microprogram named IFETCH may be 


defined in this part in the following form: 


IFETCH 
START: 
MEMO RV ae Cts paren oneges oi? 
iN IR LN ep ag a PRA 
COM TROMN scerstevectpete et )ee 
BRECH me rovessn tons senerey iG 


eeee 


where '"MEMORY', 'ARITH', 'CONTROL' correspond to the 
names of subroutines defined in the function part, and 
the quantities within the brackets are parameters for 


these specific subroutine calls. 
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CDL, a computer design language developed by 
Chu [5], originated primarily as a machine description 
language for the symbolic expression of logic algorithms. 
itsnas been subsequently used for the description of 
microprograms [6]. The syntax of CDL loosely resembles 
ALGOL along with certain additional primitives for 
describing both processor elements and operations. 
From the viewpoint of microprogramming its most important 
GONEEIDULLON 1S Lts ability to specify explictly a 
processor's timing attributes. This is provided im the 
following way: the declaration statements include the 
clock statement*whereby~a Clock cyclemand ats? phase 


components may be defined. For example, 
clock (1 = 3) 


declares a three phase clock named 'P', the phases being 
identified as P(1), P(2), and P(3). The relation between 
avclock phase and one or more microstatements 1S esta— 
bitched by pretixing the statements with eal label, the 
latter indicating the phase or phases wherein the state- 
ments are activated. For example, a shift operation may 


be defined by 
/SHR#eP (3) / A - shr A 


indicating that the statement on the right, identified 
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in a CDL program by the name'SHR', is invoked in the 
ovockfolasemtP (3 ji: 

CDL appears to be one of the few procedural 
languages in which symbolic representation of timing 
attributes can be made in the source program. Apart 
from this however, CDL suffers seriously as a high- 
level microprogramming language since its use requires 
KnOwleagesorethe microinstructioniwordsorganizationvon 
the part of the programmer. In this sense it resembles 


a micro-assembler language. 


2.7/7 Micro-Assembler Languages 


The application of micro-assembler languages 
require knowledge of the control memory organization. 
Two important examples from this class of languages are, 
a microprogram simulator ALSIM developed by Young [40], 
and ANIMIL, developed by Rauscher and Agarwala [25]. 

ALSIMeinchludes*facilitiesszorrthe defini tionnoef 
the processor elements, and the microinstruction organ- 
ization in terms’ of its constituent micro-operations. 
The executional facilities provide for the coding of 
microinstructions in the specified format. Since the 
Segani zation Of "microwordstmay = bemdeiinedaby theypxros 
Grammer, ALSIM*is in effect; al general purpose micro= 
assembler language. Features of ALSIM are further 


discussed by Sitton [31]. 
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ANIMIL is a 'low-level' language developed specifically 
for programming horizontal microwords. This is, struc- 
turally, a symbolic language designed for a specific 
processor, the AN/UKY-17 at the US Naval Research 
Laboratories. Its most interesting feature is that 

its syntax is defined by an Operator Precedence Grammar 
[1], and formal treatment of the syntax of languages 
for horizontal microprogramming is considered in some 


detail. 


226. Discussion 


The foregoing review raises a fundamental ques- 
tion concerning the machine-independence of such high- 
level languages. Declarative facilities in both Husson's 
language and in MPL are primarily concerned with the 
definition of memory elements and registers which from 
the 'classical' standpoint of programming languages are 
inherent attributes of the machine organization. The 
notion of machine-independence as it is used in the 
development of problem-oriented languages is clearly 
Violated. A solution to this problem gs to define 
machine-independence of a microprogramming language to 
be that attribute which permits the language to be used 
for microprogramming any machine, and be only indepen- 


dent of the structure of the inner computer (see Def.1.1). 
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This necessarily implies that the language constructs 
must= permit the definition ofr “the entire range -of 
objects" existing at the microprogram level. “These 
include not only memory elements, but also data-paths, 
Operatvonal units ,"and "timing attributes; esince the 
totality of these objects define a given processor. 
It is asserted therefore that neither MPL nor 
Husson's language are 'machine-independent' in the 
above sense since they do'not provide facilities tor 
defining the total set of components at the micro- 
programming level.” ~The necessity for such facilities 
may be demonstrated by the following example: 
Consider the following portion of the MPL 


MIcCroprogram Vloy: 


DECGHARH (RO), Ri jiscsrs ele steletels: « rs tis) 


MDRITBITAALG) 


RO | |R1 =MDR 


The execution of the assignment statement is only 
possible if there is a data-path from register 'MDR' to 
the registers "RO* and "Ri'. Since the microprogram 
text does not speciry this Gata=path, Che compirver may 
only know of its existence by having embedded in it, 


both a description of the registers and a description 
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of their interconnecting data-paths. It follows that 
the identifiers 'RO', 'R1', and '"MDR' cannot be arbi- 
trary programmer-defined identifiers, since the 
compiler cannot determine the correspondence between 
these identifiers and the register descriptions embedded 
within it. In other words, for a given machine and a 
given implementation, the identifiers are fixed. 

The same example also illustrates the fact that 
a microprogramming language whose syntax is similar to 
the more established programming language upon which it 
is meaariea (FORTRAN in the case of Husson's language; 
and PL/1 in the case of MPL), may possess quite dif- 
ferent semantic characteristics owing to the particular 
nature of microprogramming. For instance, an assignment 


statement, 
A = B 


is syntactically identical in both PL/1 and MPL. How- 
ever, the validity of the statement and its correct 
execution is quite different in the two languages: the 
statement is executed correctly in PL/1 providing the 
variables 'A' and 'B' have been previously declared. 
Execution of the statement in MPL is possible only if 
there is a data-path between the memory elements repre- 


sented by the identifiers 'A' and 'B'. 
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AS"HNOLeU' previously, the timing attrabutes@ot® 
microprogrammed processors have been excluded from 
the scope of both MPL and Husson's language. Husson 
[16] briefly mentions the existence of timing descrip- 
tions embedded” in’ the translator; -butvfails®to specify 
tne* form or “this=description or thevmanner#by which at 
is linked to the source program text during translation. 
The design and implementation considerations for MPL 
appear to have excluded the problems of timing and 
parallelism altogether, so that in effect, the language 
Loe restricted in its applications to vertical micro— 
programming. 

At the time of this writing, the above languages 
hembeseots thew twosMaqdOl > tudes. 1ny theparecas or nigh— 
level microprogramming languages. A compiler for MPL 
has already been written (in SNOBOL 4) for the 
INTERDATA 3.[10],. and a recent paper [28] indicated 
further implementation studies for the Nanodata QM-l. 
Tt is worth noting that both these machines, are ver- 
tically microprogrammed. 

The most important. feature of MPGS as the fact 
Piotast permuts the targellenviconment to. bevder ined 
in terms of the host environment within the program 
text., In, this. sense, it offers, greater flexibility 
than either MPL or Husson's language, since the problem 


of. determining the data, paths mentioned earlier, 1s 


20 


pen eh onpnbine ven 6 
st ‘snd¥ goetiaies eit 20 sib se.nieh le 
dolspbensad, Suisb x03 mexporg soxnee edt ov Bedatd ak 
J9M 0% endivexoblenon aclvsstsmeldm bas aplash ef? 
Ans pilimisy 20 emofiiorg oMt Batwisxe oved of aasqus 
speupn6l ed \toetie ai isdt+ ve ,rsdveposis metieliszaq © 7 
=otsim Tsorssv of aaglsnotiqge soz wt beipizdaes at 7 


4 
espetinisl Svods sd4 .pnidiaw eids to omit ot fA ow; im 


pit! to sows srit\ at gorhvse xofse owt and toesetgexz | 
IGM soi asliqmen A .capslphel eiamtsxporgotoia Leyel 
sij 102 ($ JOHOWe nt) nsJiatuw need qybseetlis aad 
betsothar (BS) 59sq Jas0s1 © bas ,fOL) & ATAGRATUI . 
ot=4O st6bonsu eit uct asthute rin thceah al sedsau2 | LS 


_ 
- 


-_ 
~tey sts esminesm sestit Atod tarda oaisgon detew ai $F. iw - 


Roane goruornee Uilsoks- 7 
J663 Sid eh 809M to stys55) Jnstiogml jeou ad? 


Bonitsd oc ot tnemrozivas Jeptet afd etimnsaq FL sade 7 - 
mMatpoiqg aft mpttiw susmictivas deo sit Io antaz ak :: 
yeilitiizel) stesso erslic ai cede Bhd at teen : 

maidoig ai? antlie ,;sbacgnn!l acess qa GW wetsés eat 


ei ,z9tlass bsnolsush efaco soeb odd palateesostedl itt 
_ 


PAA 


obviated by means of DEFINE statements. These statements 
explicitly specify the data-paths in terms of the host 
machine. Structurally however, MPGS resembles assembly- 
type rather than high-level languages. Furthermore, the 
steps or statements within a microprogram body are 
defined) Co correspond to a unit clock cycle of the target 
machine, but it is not clear as to how the timing attri- 
butes of the host machine are reflected in the program 


SiemuiGiwicer. 


2,9 Conclusions 


leo WesS sDOINLed OUL in Sectlon, 2.) that cacumaln 
differences between the various microprogramming lan- 
guages are related to the declarative facilities. 
Summarizing these, Husson's language provides a separate 
machine description part which defines only memory 
elements (by means of DIMENSION-type constructs); MPL 
provides facilities for declaring memories, data-items, 
testable events, and constants; MPGS permits the speci- 
fication of the target machine memory elements and their 
correspondence with the host machine. Chu's CDL 
appears, in the semantic context, a more complete 
language than the others, since it is possible to define 
almoctedlletypes of “Lunctional elements jwithin a spro] 
Coseor 1ncluding, timingrattributes. sNOone or these slan= 


guages provide for input-output. 
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CHAPTER. LIT 


THEORETICAL FRAMEWORK 


Lid rc ligharaaleh biel meio a) 


Tne purpose cf this chapter is to establish a 
framework for the definition of MICROL, using a con- 
Cepuerproposed by, Glushkov, [121eand Lto liv i, inewhien 
a computer may be partitioned into a control component 
and a processor component. 

The control component functions as an inner 
Compucerwand Contains ay “control unit. andsa contro! 
Memory. new LOrmertCoOnsists, oF sthe logi]e jorreulery 
that decodes and sequences microinstructions residing 
in the control memory. 

The processor component contains memories (which 
include only programmable memories, hardware registers, 
and Elip-flops), input-output devices, status-—indicators, 
and operational units. The latter consists of combina- 
tional circuits such as adders, decoders, and shifters, 
as well as simple gates which merely transfer data 
between different memory elements. 

Microprogramming involves the activation of the 
iginer ‘compucer and thereby alter the stare of the pro-— 
cessor. It differs basically from machine language 


programming in that its environment includes hardware 
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registers which are not ‘normally referenced ‘at ‘the 
machine language level. Furthermore, microinstructions 
in the control memory may be accessed but may not be 
altered by other microinstructions. 

With the viewpoint of the control as an inner 
computer, it is evident that a machine-independent 
microprogramming language should be independent of the 
Str dccure *Oisstirrs Piner ‘Computer and: Not ‘of =the pro 
SeSssor. Siics latter tS inter tect --analogous’ to L770 
devices at the level of software programming, and the 
microprogrammer should be cognizant of the processor in 
the same manner that the software programmer is cogni- 
Zane On =/O" dev ces... With this vrewpoint, *the criterion 
of machine-independence given by Definition 1.1 is 
proposed. From this definition it follows that a 
"machine-independent' microprogramming language will 
permit the description and programming of any processor 
irrespective of the control memory organization, sequenc- 
ie Jogie, or taming. The Vanguage wii thus "really be 


control=—independent. 


3.2 The Processor 


Since the processor must be described by a imicro-— 
programming language it is necessary to establish its 
Characteristics. This seccionm discusses the charactrer=— 


istics Of processor elements, viz., memories, I/O 


| 


? ios 
was py iecbaees aptimpeaians to a ot doitw axsdeioe 


ye? © eo 
—“SRRarS oni = 
anolsorssentorsim sxomvordsu' ti L epsuenel - inst 


iexsacw off @ 
Z a ar : ~ 
anoliscurtseniorsim tedvo yd bs 2 


sd ton yYem dud boeasoos od yom 


sennt ap ap loxtooo of? to Aaboqwety ef aziW 


7 
Snepneqobrt-siticem 6 Jones gushivs si si ,ass0qmec 


att Yo Jnshueqebni od bivede spenpaal pa Liimet potqoztoLam 
; - 
-orq sft to son bain sedugmoo tani eitt To sitwzo ade 


ie ed 


O\F o+ stlopofsis ,fosiie at es tatdet srt <s0ns 


ent Deain., poinmezporg crswotos 20 fevel sit 3s cae 


aehld - ye 
t — oy. — , )- <iger as Sr rear mi P| de> pe De Sim 
fli Wore Thad) miz$6320 SRR TROD Sa Dione tS rpomqor } 
7 


: 7 7 A 
toc sid dad? sonken ents ott 


-Enpod af LONtstpoug s1Av 
sbasfhio ord .satogwsiv ~ero4 dsaW .eeviveh O\1 Fo) sae ) 
fae 

ow 
at I. abrtiattell yd nevie spa fnecqsboi-saldonm Io 
‘ ; : ‘ 7 ys ~~ Ae 
e Jad? awellot 2) soeidiniieb <la3 wat .bezogqad 


ale 7 
[iiw @perpasl pithny=posdewsim, ‘4: one “ 

a 
toezsodiag vis to piinmetpo 7) bas nolsgizzes> og oie 
a - 
“SnauyIoIs fortes stapro Yionsg lorinos. sig te ev ijoeqaertrt 
- 


: pms 


ed vilesat atid Liiw spaitdel of .pRimh? 2 \oape 


. Jmabasgets hai- So12000 


oe ot s 
< ——— = 


oe B yo Beditscesh sd tanun - pitaanen 
agt Las aieal ies is apooaaeend ai 22 
“is 


i svhabeied eu age 
= ad — 7 
ci ioneess a 


24 


devices; Status-indicators and operational units. 

A bistable device is the smallest addressable 
memory in a processor. Memories are composed of 
vectors of bistable devices, and may also be repre- 
sented as vectors of more 'primitive' memories. In 
MICROL, bistable devices are represented by bits while 
more complexememories are termed location-objects. For 
example, Hig. i3-l depicts the structure of a main memory’. 

INpUE=GUEPUE devices are referred to fas tales 
in MICROL. While they are similar to memories in that 
they store information, they differ from memories in 
two respects: firstly, the information unit for an I/O 
device is a character, in contrast to the binary digit 
which is the information unit for Bese ya The 
smallest addressable element of an I/O device is 
termed a cell in MICROL, which by definition, may “store 
a Single character. 

Secondly, a data transfer between an I/O device 
and a memory involves information flow to or froma 
singlLesceul Gmithe 1/0 device, the precise cell” focation 


being determined by the position of the ‘read-write' 


head at any given time. The cell whose content is 
transferred is termed the active cell. Furthermore, 


because of the physical movement of I/O devices, data 
transfer to or from an active cell within a sequential 


E/O- device results tea wii trerentmormal Ly the 
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adjacent), cell to be activated for the next L/e 
transfer (Fig. 3-2). For direct access devices, the 
active cell prior to each data transfer is determined 
by an address, for example, the track/sector address. 

An 1/0 device may also have a set of status- 
indicators associated with it. These indicators (termed 
status-objects in MICROL) store information where the 
information unit is a binary digit. Status-indicators 
are 'set' or 'reset' by hardware means, and the micro- 
programmer may not directly alter their contents. For 
example, a teletype reader contains a ‘keyboard flag' 
which is set '‘on' when a character is made available 
for transfer. The state of status-indicators may how- 
ever be tested by microinstructions. Status-indicators 
may also be present in the processor independent of I/O 
devices as for example, ‘overflow indicators' or ‘inter- 
fupt tlags". These may also be tested by microinstruc— 
tions but not accessed otherwise. 

Operational units, which are the data~transtor— 
Mationalotacriities in the processor, are rererred to 


as operators in MICROL. They possess the following 


properties: 
(a) The action of an operational unit may be repre= 
sented by one or more functions. For example, the 


addition operation performed by the adder can be repre- 


sented by the functions: 
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ADD (i, ,i,) i) (3-1) 


mod 2” 


pi py oe ee eg ee 


Il 


CARRY (i, ,i,) 


1 2 
= 0 otherwise (3-2) 
where iis i, are integers. Lt 1S assumed in tore: exam— 


ple vthat 0 < ij,,1, ay aa 1, and the processor uses two's 
complement arithmetic. 

(b) Operational units are classed as computational, 
assignment or pointers. A computational unit computes 

a value in the same class of values as the domain class. 
Examples of computational units are adders, complemen- 
ters and shifters. 

An assignment unit transfers information from 
one region of the processor to another. Its action may 
be represented by the identity function. Examples of 
assignment units are gates and busses which allow data- 
flow from one memory to another. 

A pointer is a special kind of operational unit 
tiethat Tes function domain is ther seuro® antegerc, 
and ats function range*a set of memory “addresses. An 
example is the combinational logic which determines a 
core memory location (address) as a function of the 
integer value contained in the memory address register, 

in summary, a Computational unit omcludes the 
arithmetic, logic, and shifting units, assignment units 


represent data-paths and busses, and pointers denote 
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those units in a processor used for accessing random 
access memories. 
(es) The inputs to an operational unit are contained 
in specific memories, so that these memories are also 
attwibutes on the: unit. For ‘monadic' operational 
units, there are at least two associated memories 
('operands'), one for containing the argument value, 
BhemOtneiasco, Store the result. ‘Dyadic! “operational 
units require two operands to contain the argument 
values, and at least one memory for the function value. 
The totality of the above properties determine 
the. structure of an operator, and is summarized by the 


3-tuple: 


(Ee MM (3-3) 


r) 
where, 


F = the set of functions performed by the operational 


unit; 
M, = the set of memories containing the argument values; 
M,= the set of memories to store the function values. 


3.3 Timing Attributes of a Processor 

At any given point of time, an operational unit 
may be 'active' or ‘inactive’. In other words, there 
is a time-interval associated with an operational unit 


indicating the fraction or phase of some pre-defined 
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clock cycle within which the unit may be invoked. For 
instance recalling the CDL rexample.cited—in Chapter 
If, the state of the operational unit performing a sbhxr 
IS active in phase P(3) or the clock cycle ©, and 
"inactive' otherwise. 

The fundamental time-attribute of a processor 
is termed the basic machine ayetige (abbreviated BMC), 
WIECH Vis also referred to as the 'CPUNecycle) or ‘ALU 
cycle'. The BMC is representable as a positive number 
N which is a multiple of some primitive time-unit ‘'u'. 
It may also be represented by a sequence of 'N' points 
on an arbitrary time scale with 0 origin such that the 
ImeervVal Detween successive: DOIntS Ls iy (hid. s—3)). 

Adepeine this sepresentation, the BMG cans be 
Dpareieioned into ni & > 0) successive, not necessarily 
equal, and not necessarily mutually exclusive segments 
called phases. For example, a BMC of length N may be 


Darbitloned 1nto 3S phases Ci Co, and C3 as given in 


Fig. 3-4. Associated with one or more such phases, are 


one or more operational units of the processor such that 


the Units are invoked only within these phases. 
Thus, a complete definition of the BMC involves 


a specitication of (N jwhichvas ythetvaluehot the BMC as 
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a multiple of Some primitive time-univl U, and “an ordered 


Setlob Mm pairs Of Chey form (2. ,U;), where Qs and u; are 


numbers representing the lower and upper bounds 
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respectively, of the i-th phase of n phases, with 2,=0, 


ul 
and u,=N. For the example of Fig. 3-4, the correspond- 


ing quantities are 
(07-00), (200, 100), (600,N) - 


The secondary timing attribute of a processor, 
is that associated with programmable memories. This 
timing attribute is termed a seOrage cycle (abbreviated 
STC), and there may be a different storage cycle asso- 
ciated with each different programmable memory. Like 
the BMC, the STC is déftined by alvalue "NY, whichis a 
multiple of some primitive time-unit u'. The STC may 
be partitioned into two successive, mutually exclusive, 
but not necessarily equal, segments termed the read- 
Phase and the-write-phase respectively, corresponding to 
the time-validities of storage-read and storage-write 
operations on the memory. In addition, the read-phase 
or the write-phase may each be partitioned into smaller 
phases just as the BMC is partitioned. An example of 
a storage cycle scheme is that of the IBM system/360 
Model 50), schemaciuzed in Mig, 3-5 5,16) 26 Here, athe 2ead— 
phase and write-phase are each of 1000 nanosec duration, 
and the storage cycle value is 2000 nanosec. The read- 
phase is itself partitioned into two phases Pi and Po. 

Becertiary timing attribute ofwa processor is 


provided by a set of phase-relations. This arises from 
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the fact the BMC and the STC's may not be synchronized. 
For instance, corresponding to each STC there may be 
four BMC's, such that the start of a storage cycle has 

a phase diiterence of (kK primitive time units with ithe 
start of a basic machine cycle. For example, in the 
System/360 Model 50, the relationships between the BMC 
and the storage cycles for main memory and local storage 
are shown in Fig. 3-6. 

The main memory STC and the BMC are synchronous; 
that is, whenever a main memory STC is invoked, it is 
synchronized with the start of the BMC. As can be seen 
ErOMmeniGg. 3I=6, Gach Marin memory olC, Corresponds to four 
BMC ls. slhe scorage cycle tor the Local) storage as) or 
the same duration as the BMC. However the local storage 
cycle is)offtset from the BMC by 250 nanosec so Ehat any 
data flow involving the local storage may only be invoked 
250 nanosec after the start of a BMC. 

It follows from this example, that a complete 
Getinition Of a processor's timing attribute requires 
that the relation between the various cycles be also 
defined. Phase relations are further discussed in 


Chapter IV. 
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In this chapter, a theoretical framework has been 
presented for the structure of the MICROL fanguage. It 


has been shown that: 
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(a) in order to construct a generalized high-level 
microprogramming language for any processor organiza- 
tion, the property of machine-independence for the 
language reduces to that of control-independence; and 
(b) by partitioning the computer into a processor 
and a control, the components that have to be defined 
are memories, I/O devices, status-indicators, opera- 
tional units, and time attributes. The next two chap- 


ters apply the results of this analysis to the definition 


of MICROL. 
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CHAPTER LV 


DECLARATIVE STATEMENTS 


AS lANLOCatLon=Ob)ect* Declarations 


The MICROL programmer uses location-objects (or 
E-ObDJects) ian referring to addressable memories, All 


R-objects are formed from the bit which represents any 


bistable device. lLocation-object declarations are of 
the form 

loce LE =n. (4-1) 
where 'loc L=' is the £-object symbol clause, and 'T' 


is the L-object type clause, which may be simple or 
complex. The symbol 'L' is any programmer-defined 
identifier designating the name of the declared -object. 
li 'T* is Simple, then it specifies either the 
Meme vor a previously defined Y-objecc. Or a bat, and the 
declaration is termed a simple %-object declaration. 
Wiens Tis abit, the declaration identities an ’-object 
Beamed tl possessing Lhe. dalLa-Struclure Ofealbut. mite! 
is the name of a previously declared 2-object, the 
declaration creates a synonym for the -object named 
ed es 
tot sass complex, the declaratioOnsisscemcdsa 
composite -object declaration, and defines new L-objects 


according to the following composition rules: 
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(a) Sequences . 


LE 'L,' LSA primitive bit, or wa, previously 
declared £-object, a composite f-object 'L' may be 


defined by means of the sequence constructor: 


loc L = seq (i) Ly (4-2) 


where 'i' is a positive integer specifying the length 
of the sequence. 

Mies k—ob ject ih anveqn., (A=2) "is, detinedmas a 
vector of i elements, each element being identical in 
Structure to "Ly. An element of this sequence is 


addressed by subscripting the name 'L' by an integer 


in, where, .0."<. m 3.1. 


(b) Tuples 


ie "Ly", "Lo", Behe Sey yl’ (n > 1), are names of 
2-objects, then a composite £-object named 'L' may be 


created by means of the tuple constructor: 


ri ) (4-3) 


Each element 'L,! of such an n-tuple is a field. This 
declaration creates a data-structure that is effectively 
a concatenation of the 2-objects named in the tuple list. 
Any subsequent reference to 'L' addresses the entire set 
of £-objects Li's "Lo! tote. ‘LS! as a single -conca= 
tenated object. 
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(cin Union. 


A new -object may be defined as the union of a 
set of previously defined 2-objects according to the 


syntax 


loc kL = union (L, ,L5, Hee ack Play) (4-4) 


Semantically, an L-object declared as an union is iden- 


i(fGaletosthe.logical union, ofasets, 


such that a subsequent reference to 'L' refers to all 
the names in. the union list. 

A set of £-objects may be declared in the form 
of a multiple declaration according to the following 


Ssyicactic Lorn: 


Loc Ly = OC L5= Sate aoe = Voce LL T (4-5) 


where es 'Lo'y erewaNows 7 pe are names of the newly 
declared 2-objects, and 'T' is the common type clause, 
Which May be dm any OL the forms described above.) it 


follows that the @-objects cefined by eqn. (4-5) (possess 


Tdener cal data structures, 


a, oo Semantic Implications of D-ODjSEeE Declarations 


The declaration of £-objects in MICROL is some- 


what analogous to the declaration of variables in 


a. 
y= 
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programming languages. There are however, important 
semantic differences. From the viewpoint of machine 
organizations, the role of the declaration is to 
identify certain memory elements or combinations of 
memory elements. The declaration: 

(a) defines a data structure; and 

(b) creates external names that identify the data- 
structures such that the names may be used as variables 
by the executional statements in MICROL so as to mani- 
Dulate these data=structures. 


For example, in the £-object declarations: 


loc WORD seq (8) bit 


loc MEMORY 


I 


seq (512) WORD 


the first statement defines an object named 'WORD' con- 
Sisting of a vector Of 6 primitive bits, and the second 
statement declares an 2-object 'MEMORY' consisting of 

a yvector oo. 5]2 %-objJects: having. the same structure as 
BeWORD ©.) Tt 1s important to note jthat each 2 -obp ject 
declared as a sequence defines a new %-object. For 


example, the multiple declaration, 
lye *ADDREG =) Toc "ACC *="seq (1L6)" "bit 


creates two different objects named 'ADDREG' and 'ACC! 


respectively, though their data structures are identica 
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AS an example of an -object defined by means of 
the tuple composition rule, consider two registers 
"AHIGH' and 'ALOW' which serve to store the eight high- 
and eight low-order bits of the main memory address. 
Then the main memory address register may be defined 


TneMICROms byi 
loc AHIGH= loc ALOW = seq (8) bit 
loc MAR = (AHIGH, ALOW) 


An £-object defined by the union rule is'igiven by..the 


following example: 
LOC=GPR =sunton (RL, R2, 783) 


This declaration defines an L-object named 'GPR' as the 
Todical UnLOmuer slune wr -ob jects) Ril; TR2 anda. 
Suppose piwiuy Leena “R37 are registers cach 
Of Witch mwrovide the “left' input ‘to che “arithmetic 
andulogicwunits., In declaring the Operators (see section 
4.4), the MICROL programmer may use the single name 'GPR' 
itespecifvying the ‘left’ operand to the operators ins= 
fead of the indavicual names URE, “R2", "ands "R33". By 
aemnic so, ilteis sigqnitredarhatgthe-jlette operandeta 
themweperatorsuis tRlieoratRegsor 'R3%. 
It was stated earlier that synonyms for previous- 


ly declared £-objects may be defined using the simple 
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£-object declaration. As an example the following 


declarations are considered: 


loc REG = seq (8) bit 
loc FILE = seg (16) REG 


Toc, CTR =F 1 LE S164 


The first statement declares an -object named 'REG' 
aewan Vector Of GC bits. The next declaration derines 

a new £-object named 'FILE' as a vector of 16 f-objects 
each of which has the same structure as 'REG'. The 
third statement is a simple declaration, which asso- 
ciates the name 'CTR' with the sixteenth element of 

the 2-object 'FILE'. Any subsequent reference to this 


element can be made using either 'CTR' or 'FILE [16]'. 


4-2) Piles ana Status Objects 


In MICROL, files are used in referring to I/O 
devices. A file is identified by a tile name which is 


or the form 


file-id i (4-6) 


Wiete tt 715 an  anteger,, ang) tiile-1d's1ssone! of the 
following MICROL defined names: 
(a) cardr —- denotes a card reader; 


(b) cardp - denotes a card punch; 
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, a 


(a=b) i bi-slit . 


(c) mtape - denotes a magnetic tape; 

(d) disk - denotes a disk; 

(e) drum - denotes a drum; 

(i) Line: - denotes a line printer; 

(g) ber - denotes a teletype reader; 
(h) Btp - denotes a teletype printer; 
(3) ptaper - denotes a paper tape reader; 
ey) pEapepes), denotes anpaper tape rpunch. 


Unlike 2-objects, file names, or more precisely, 
Ene 1 Neeger st in eqne (4—-G)emay now be arbitrarily 
defined by the programmer. To see why, consider an 
I/O device. The device has a set of status-indicators 
associated with it, as for example, a 'device-busy flag 
These indicators are set or reset by the hardware. 

If the file names are programmer-defined, it 
follows that (a) the names of the associated status- 
indicators would have to be defined by the programmer; 
ana (b) since specific functions are associated with 
specific status-indicators, the function or meaning of 
these indicators would also have to be programmer- 
defined. 

Tits clearly not possible topdefineuthe-meaning 
of status-indicators in the language, hence the name 
and meaning of status-indicators is specified by the 
implementation. Consequently, the name Gfmthenspecific 


file associated with pre-defined status-indicator names 
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has also to be implementation-defined, A further 
complication may arise when two files of the same 
type possess quite different operating characteristics, 
for instance, a moveable-head disk, and a fixed-head 
disk. By defining file names during implementation, 
specific file names may be associated with specific 
operating characteristics, 

In MICROL, status-indicators are referred to 
as status-op jects (Or S-obyects) 7 The syntax of MICROL 


file declarations are given by: 


ELle Fo with (S)1S5) Se tetete rS)) 


where 'F' is the file-name, and enn a ee PRPS TT) Woe 


are names of s-objects. For example, 
fre vVeROVewith= (KBE) 


defines a teletype reader. 


4.3 Time-Object Declarations 


The t.imingeattributes.of a processor jwene dis= 
CUSsededneseCtionis.2.~lieMICROL, time-obyects are 
used to specify these attributes. The language-defined 
primitive time-unit is the nanosec, i.e. ee seconds. 
Other time-units that are integer multiples may be cons- 


tructed by the programmer by means of a time-unit 


declarationeot uthe -torm: 
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timeunit u = i nanosec 


where 'u' is a programmer-defined identifier denoting 
Enee name ot the new time-unit, and "i" is a positive 


integer. 


Ae. Phase Declarations 


Both the basic machine cycle and the storage 
cycle may be partitioned into segments called phases. 


A phase declaration, possessing the following syntax: 


phase P = (t%; ey u (4-9) 
where 
'Pp' ais the programmer-defined name of the phase; 
"u' is a previously defined time-unit, or the primitive 


time-unit, nanosec; 


ree denotes the lower-bound of the phase, in terms of 
the number of time-units u, after which 'P" starts 
Wwelhineascyele; 

't4") denotes the upper-bound of the phase, in terms of 


the number of time-units wu, after which "P' ter-— 


minates within a cycle. 


Read- and write-phases are two special kinds of 


phases, which are defined according to the syntax: 


rphase R = (Pi rPo, ae ea ,P_) (4-10) 


wphase W = (Q),Q57--++-: 1Q,) (4-11) 
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where 'R' and 'W' are programmer-defined names of the 
read- and write-phase respectively; "Pitre Sestceue ta ee 
are previously declared phases which are used to define 
Res ang ee sie oo kayette ps are previously declared phases 
which are used to define 'Ww'. 

As examples of phase declarations, the timing 


scheme shown in Fig. 3-5 can be represented by the 


following declarations: 


phase Pi (OM 25-50) nanosec 


phase P, = (50 ~ 1000) Snanosec 
phase P. =) (1000 + 92000) nanosec 
rphase Ry = (P)P.) 

wphase Wi = (P) 


ao.2 Cycle Declarations 


The basic machine cycle is defined by means of 


the bme. declaration: 


pia (4-12) 
q 


where 'B' is a programmer-defined name for the BMC, and 
Via, UNS Li Sed See ee denote previously declared 
phases. A declaration of the form (4-12) associates 

a name 'B' with the processor's basic machine cycle. 
Furthermore it defines the composition of the BMC in 


terms of predefined phases. As a specific example, the 


. £ ia | 
gad to ‘admscr beni 


aw io 
tal ccepeees! rt : eon bos -bes: 
gnitab ot beey S25 dobsta sense cit 


Mae hy oh on ‘boar aa 


wiimts sis ,enoitetaloeh seaig 320 asic exo ‘RA 
- -— 4 7 _ 
sit vd bstnsesigest sd neo c=b .pii ni Mwoce _— ibe 

4 sae 


ietottetsiosS paiwollot 


sanonsa (te. : 0) = (Zt oasdg 


Fir ch ah ; = 
‘7. 
(ots cv) et a senday 
\¢ i) aad (" se scgw 


anaobtenxsn foe seLov'). 


to ¢ieor yd hbentish et sloyo eanitoem obeed sat 7 


a 


:nol¢pisinab oad edz 


(Sih) (teers e ed ety, tT) = & gine 
, = EE 


bas, ,9Mi sit 40% sms boot ist-i191ntewpcig = at's aiel 


, beasinen yl SUS EVAAS SJoared ri) » 
. - : 7 . 
Beseioones (Si->) mork efi +o 


Ene Sth aOGR —_ algaae 209 > ot é 


mt me - aS to 1a, Leognas adie ibd af 


" a , 


Rae weaiael 2 Ereret = cA ~ae saidey- Be | 


45 


following declarations completely define the basic 
machine cycle shown in Fig. 3-4, where it is assumed 


that the time-unit is nanosec: 


phase Cy = (0 : 300) nanosec 
phase Cy = (300 : 700) nanosec 
phase C2 = (600 : 1000) nanosec 
bmc B = (CC C3) 


Similarly, a storage cycle is defined by means of the 


declaration 


stc S$. = (Pi rPareeeeerP (4-13) 


k) 


where 'S' is the newly defined name for the storage 
cycle, and ree. 'Po', Sycmemag: P aie are phase names. 


A* special form of the STC declaration is given by 
stc S.= (R, W) (4-14) 


where 'R' and 'W' are read- and write-phases respective- 


Ae 


4.3.3 Phase-Relations 


The notion of phase-relations was introduced in 
section 3.3. Phase-relations identify the lag between 
the start of a basic machine cycle, or the individual 


phases of the BMC, and the start of a storage cycle or 
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its phase components. A phase-relation declaration 


is of one of the following forms: 


sync Py with P (4-15) 
sync Py with t ; (4-16) 


where Pit is the name of a storage cycle or a phase of 
the storage cycle, 12558 is the name of the BMC or a 
component phase, and eke an integer, is a specific 
point in the BMC. The semantics of a phase-relation 
declaration is a function of the precise type of time- 


objects contained in the declaration, and is given as 


follows: 

(a) The declaration may be of the form (4-15), where 
"Py! is the name of a storage cycle, and 2 the name 
OL tne basic piachine cycle.” such a declaration implies 


that the activation of the entire STC is wholly syn— 
Ghronous with the activation. ot the BMC, #7 This may be 
realized in two ways: (i) either the lengths of ay and 
“Pe acre se Qual, or (11) the lengths ale Unequal ous 
whenever an STC is requested (for example by means of 

a memory-read operation) it will be invoked at the start 
OL stie first Phase of the BNC. it follows Ciac Chere 
may be any number of BMC's between the invocation of two 
consecutive STets. 


(b) The phase-relation may be defined between a 


SLOtage cycle Pe and a phase component Se of the 
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BMC. The activation of ‘PS! is synchronized with the 


invocation of a specific phase 'P,' or the BMC, so 
that an STC whenever requested, will always lag the 
BMC by an amount corresponding to the lower bound of 
'P,'. 
(c) The declaration may be of the form (4-16) where 
ae is a storage cycle. This is similar to the phase- 
rebation given in (b) except that the SiC is synchronous 
Wheehnwad SHCCILIC point, a Of-the BMC, and thus lags 
the latter by the amount rehe 

It is important to note that the phase-relation 
semantics indicated in (a), (b) and (c) above, imply 
that the storage cycle once invoked, runs to completion. 
That 1S, if the STC has been declared according to 
(4-14), the read-phase is immediately followed by the 
write-phase; similarly, if the STC is defined according 
to (4-13), the component phases ey EE Ey er rae 
follow each other in immediate succession. This is in 
contrast to the semantics of the remaining phase- 
relations described below. 
(da) Te "R” and '"W' are previously defined read— and 


write-phases respectively, phase-relations may be 


declared by: 
sync R with P, 


sync W with P. 
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where 'P,' is the BMC. These indicate that the read- 
and write-phases are each synchronized with the BMC 
such that they are independent of each other: there 
may be any number of basic machine cycles between the 
read—sand write-phases, This relationship, reflects 
the condition for the (colita=cycle! ipringiples| 15], 

(e) Phase-relation may be defined between the read- 
and write-phases of aie STC, and the phase components 


of the BMC: 


sync R with Pi 


sync W with P. 


where nae and io are phases of the BMC. Semantically, 
phase-relations declared in this form imply that, since 
the write-phase necessarily succeeds the read-phase 
within’ the total storage cycle, then if ‘Pi! and 'P,' 


are such that we preceds as ts in the BMC, the write- 


phase 'W' will be synchronous with the phase ‘Po! OL 

the succeeding BMC. 

CE ) Similarly, phase relations may be defined between 
the read- and write-phases on one hand and specific 
timing points of the BMC (eqn. 4-16). “The semantics 

of such declarations are identical to those discussed 
ineece) § 

(g) Binally) for *storagescyciles *containing™a -number 


of phases (eqn. 4-13), phase-relations may be defined 
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between the phases of the STC and the BMC or its com- 
ponent phases. A phase relation declaration for a 
specific STC phase is valid for that phase only. 
Thus econ an STC consisting of Kk phases; there wiil 
be k distinct. declarations, one.for each phase. 

As examples of phase relations, the timing 
Characteristicsmshown.in Fig. _3-6,are referred to. 
If 'B', 'M' and 'L' are pre-defined names for the 
BMG ALhe main memory .STC, and the local store.sSTC 
respectively, then the following phase relations may 


be declared: 
sync M with B 


syne iswith 250° % 


43.4 Inplaicataons of = Time=Ob7,ect.Declardations 


Unlike %-objects which correspond to variables, 
time-objects have no analogous entities in problem- 
oriented languages. Each quantity defined by means 
of a time-object declaration, has its correspondence 
With al distinct timing-attribute of the “host processor — 
the processor being microprogrammed. The execution 
of a set of microprograms results in the emulation of 
some 'target' machine; that is, this process activates 
the host processor so that it behaves like the target 


machine where 'behaviour' in this context refers only 
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to the computations that the target machine is 
capable of performing. The timing attributes of the 
target machine are not reflected in the emulation 
process. 

By means of time-object declarations, the 
time-validities of operators may be defined’ (see 
section 4.4). These time-validities are necessary 
LOn Genelacting microcode, or More specitically, for. 
the, detection of parallel micro-operations. [3] ¢ 
Tvs 1s turptner discussed in Chapter Vi. Time—ob jects 
are thus required for translating a MICROL program 


imLO Gb ect microcode. 


4.4 Operator Declarations 


Operators are declared in MICROL according to 


the syntactic form 


op O07, width W bet T, and Th from Ly Ke) Lo (4-17) 


where ‘op 0, ' is the operator symbol clause, ‘width W' 


is the width clause, 'bet T) and de is the operator 


to L,." represents the operator 


time clause, and ‘from L 0 


if 


parameter clause. 


In the above, "0, ' represents a list of opera- 
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such that each 0; is a language-defined operator, and 
all members of the list possess the common attributes 
characterized by the width, time, and parameter 

clauses. MICROL provides an operator vocabulary as’ 
follows: 

(2) ine -abithmetic Operators i, POLUS aera OClr aie, 
"minus', ‘subtr', whose domain and range are integers. 
The first three operators denote the ADD function, and 
the last. three, the SUBTRACT function. For any specitic 
implementation of MICROL, the precise semantics of the 
symbols will be implementation-defined, depending on 

the type of arithmetic that the processor uses. 

(ara) mie eoolean Operavors “A. (and)i 5 1 (on) oe 


(exclusive-or), and 'm' (not), whose domain and range 
ALemotiaiy Mumoel Se Nie. Dll Strings) smetne | i wOperaq 
tor is monadic. 

(iid) slices fo Operators vs (shitt—lert) Sim. 
(oytee rig) onlin (Shuto let t-and-1nseLey, 

oe (ShAPEt-=right-and-insert), “Solce (shift-left- 
ciLlecular). and shire! (shift-right-circular). These 
operators are also defined over bit strings, and they 
are. all) monadic operators. The semantics of these 
operator symbols may also be defined by the implemen- 
tation. For instance, in a particular implementation, 


the operators may invoke the following actions: 'shl' 


and 'shr' causes the shifted-off bit to be retained in 
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an OVerilow register (1f"the latter 1s ¢o declared in 
tne parameter clause), Or 15 otherwise Toste Shr2 and 
shli invoke the same actions except that the current 
content of the overflow PLewer er is inserted in the 
nirgh=-Order and low-order bit positions respectively; 
Einallvyyiin jhe case, of shi¢cyvendyshre,, Lhebshittedsort 
bat te inserted in the low-order and high-order bit 
positions respectively. 

(iv) The assignment operator ':=', whose action is 
to transfer the contents of one 2-object to another; 
and 

(v) thes pcinter Operator ‘ptr’, which maps froma 
domain of integers into a set of addresses as described 
Lesecci On 32.2% 

In the, width clause, 'W' is an integer. For 
arithmetaclroperators,. 'Wii denotes, asmai power ofi7Z, 
the integer domain. For Boolean, shift, and assignment 
operators, it indicates the length of the bit strings 
that, these operators act upon,, For the pur operator, 
the width clause is specified as ‘width O' since this 
ateribute Nas no Significance for, Chis operator, 

The time clause defines the time-validity for 
the operators in OL 'T and Wine identify the lower 
and upper time-bounds for the specified operators, and 
beter to phases, the basic machine cycle, or storage 


cycles. For pointer operators, the time clause may be 
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specified as ‘from 0 to 0' if the pointer is invoked 
by means of some other operation, for example, 
memory-read or memory-write. 


In the parameter clause, ‘L.* is a string of 


ms 
Eves rorm 
als ls ak 2 2 z 
(Li, Lo, eceee v Ly)i(hy, Lj peeseey L,) (4-19) 
Or 
(Li, Lo, eoeeee sy aoe (4-20) 


where (4-19) holds for dyadic operators, and (4-20) as 
for monadic operators. The string (4-19) defines the 
Set of L-objects that are inputs to the two arguments 
of the operators given in O,, - for example, given the 
8-objects 'REGA', 'REGB' and "REGC', and the operators 


'+" and '-', then the declaration 
Olena] Wicthes bet Ty and T. from (REGA,REGB); (REGC) to... 


Indicate tha Lone arLehmetic unit has as 21es leru" 
Mopac, | REGA’ «Or "“REGE", and asi tUse right input, 
TREGC, "since both %+" and *=" are dyadictoperaters 
two sets of arguments have to be specified for. them. 

Simplarly, for a monadic oOperavor, there is only 
One argument, and the string (4-20) will thus be speci-= 
fied asa single set of L-objects. 
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a 3 4 4 
(Li, Lo, © Servet ens L ):(L,, Lo, eevee gs Ls) (4-21) 
Or 
eo ree) 


Eqn. (4-21) is used for operators whose functions 
poclude tie scarry” or *overilow: fLunction tas wan othe 


instance of arithmetic operators (see eqn. 3-2), or 


shift-operators. The set Ate gy AOE CATS gs are the 
£-objects which serve to store the overflow, whilst 
oat fee eee - a contain the result of the operator's 


primary function. Eqn. (4-22) is used for those opera- 
COLreeravyingano Carry § Tunction. 

Operators are MICROL representation of combina- 
Crone lec ecules or Operationaleunres in thesprocesson, 
For purposes of this representation, the operational . 
units may be viewed as 'black boxes' with one or two 
inputs, andvone or two outputs. The strings (4-19) sor 
(4-20) in the declaration specify the input f-objects, 
Woilste (4-70). .Or (4-22) define the outpue objects, 
ie specifying the primary -objects, and bs identifying 
the L-objects for the overflow value. When output 2- 
objects are defined according to (4-22), there are no 
overflows. 

fiewa. be noted-thatdasesbus.” jn a “processor 
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Like time-objects, operators characterize the 
host processor, and serve to identify the valid data- 
paths between £-objects (by means of the assignment 
Operator) ~Vvalid functional, capabilities, of, the proces— 
sor (as a result of defining the computational opera- 
tors), and the relation between specific -objects and 
their address registers (by means of pointers). 

Me Sralso;lo be noted that ian any particular 
implementation, additional operators to those described 
here may be defined and added to the operator vocabu- 
lary, providing that they may be included within the 
classes defined. For example, if in a particular 
processor, there exists a hardware multiplier, then an 
operator '*' may be added to the set of arithmetic 
operators, and subsequently, may be declared by the 
MICROL programmer, provided the semantics are implemen- 
tation-defined. 

The Lelation, between tiles and t-ob jects are 
defined by the programmer by means of the file operators 
"get' and 'put', which denote respectively, the transfer 
from, and tranesrer to, Che Speciiied tile. The syntax 


of file operator declarations is given by: 


fop get width W bet T) and Th from (Fy +For--++ Fy) to 
(Libor --/L,) (4-23) 
fop put width W beg T) and a from (L) ,L5r---+/L,) to 


(Fy /Fo,---/F) (4-24) 
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The meaning of the width and time clauses are 
identical to thesemiocroperatorssemthe list 'FirFos 
re denote names of previously declared files 
such that (ehey eformythessource objects for the get 
declaration, and the sink objects for the put declara- 
LG ee iter elec "Ly Loree Ly! Genote a list of 2&- 
objects which form the sink in (4-23) and the source 
in (4-24). 

For example, assuming that the &-objects “INR1", 
‘INR2', 'OUTR1' and 'OUTR2' have been previously de- 


clared, then the declarations 
Pop det wroci 6 pet Lf) “and tl irom™ (CARDROI) to” (PNRL, INKZ) 


EOpePUEBWICUN oO sbet Ti and iT le from (OUTRIZ OUTRZ) = co) 


(CARDP10) 


indicate that there exists transfer paths from the file 
IGARDROT Go, the =v-Ob 7ects: “INR” “ands iNR2 4, sande chat 
transter «from CARDROI to ‘these 2-cobjgects may be 
initiated within the time period denoted by 'T1l' using 
the operator 'get'; similarly, there exists a path from 
born the )-olvjects "OULTRIL “and JOUTR2) tovthe file 
'CARDP10', which may be activated using the operator 
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CHAPTER V 


EXECUTIONAL STATEMENTS. 


5 el Pre haminary Remarks 


The executional facilities in MICROL are repre- 
sented by statements and procedures. The structure of 
these entities at the user level is similar to 
corresponding entities in ALGOL 60 [29] but there 
are important semantic distinctions because the concept 
GL location-objects is specific to microprogramming. 
Furthermore, the validity of each statement in a MICROL 
program is defined by the data-path restrictions as 
specified by operator declarations. To indicate data- 
path restrictions, the following notation is used: The 


string 

denotes that a data-path exists from '‘A' to 'B' where 
sand "Beare eLther C=ob jects or tiles.) 2has path 
@xists if there 1S a declaration for one of the opera— 


EOL se t= el gee Gk. (DUL wile 2A. as sie source and 


lp. sasucie sink. Furthermore, 91. 
A=>=>B , B= C , C = D (S=—2) 


then an indirect data-path exists from 'A' to 'D'; this 


is denoted by 
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There* are four data types in MICROL, namely integers, 

Characters, bit strings and the truth-values Pecue? 

and “Palise,.9SThe content Gfifan 8-objecty1s interpreted 

as an integer when the £-object appears in an arithmetic 

Sxpucccron Omaeselatlion, vandeassaebit String whengat 

is part of a boolean or status-test expression. 
inercontent orga filetcelimiscsalways antexcpreted 

eseamcharmicieracten)me Whealvaluc onan expressionmws 

interpreted as an integer when it is an arithmetic 

peer oecaour and as a truth-value if the expression is 

a relation or a status-test. The value of a boolean 


expression is always a bit string. 


5.2 Expressions 


Expressions, in MICROM may be simple On SubsCcrip— 
ted 2-objects, simple arithmetic expressions (SAE), 
relations, status-tests, simple boolean expressions 
(SBE), conditional arithmetic expressions (CAE) or 
conditional boolean expression (CBE). 

When the 2-object appears as an expression, its 
syntax is given by 


G (5-4) 
L[S] (5=5) 


L[S,+:S5] (5-6) 
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where 'L" is the name of an -object, and 'S', "Sy! and 
: 2' are subscripts which may be positive integers or 
Simple L-objects. 

Eqn. (5-4) denotes a simple L-object. Expres- 
sions of the form (5-5) are termed single-subscripted 
£-objects, the subscript identifying a single element 
of the £-object 'L'. When two subscripts are used as 
in (5-6), the first denotes the lower bound and the 
second, the upper bound of the elements being referenced 
in 'L'. For example, considering integer subscripts, 


and given the following Geclarations: 


loc MBR = seq (8) bit (5-7) 


loc REGARR= - 


(4) MBR (5-8) 


0) 
(D 
WQ 


then the subscripted 2-object (5-9) references the 
fourth register in the register array, and (5-10) 


_ 


references bits 2 through 5 of 'MBR': 
REGARR [4] (5-9) 
MEE U22:= 51 (5-10) 


When the subscripts in the expressions (5-5) and (5-6) 
are themselves simple £-objects, then the expressions 
are semantically defined as follows: for a single 
subscripted 2-object 'L[S]', there must exist some 


other 2-object 'P' such that 
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and 'P' points to 'L' by means of a pointer declara- 
tion. Similarly, for a double subscripted -object 
"L[S)::S5]', there must exist -objects oa and peo 
such that 


* 


* 


and ‘Pi and aor (which may be identical) both point 
to 'L'. It follows from the above that subscripted 
£-objects in which the subscripts are themselves 2&- 
objects are defined only when the referenced L-object 
'L' represents a random access memory. 

As examplesof 2-objects appearing as expressions, 
the following portion of a MICROL program is illustra- 
tive: 


loc MAR = loc ACC = loc WORD = loc GPR = seq (8) bit 


loc MEMORY = seq (256) WORD 


- 


op:= width 8 bet ... and ... from (ACC) to (MAR) 
op ptr width 0 bet 0 and 0 from (MAR) to (MEMORY) 
Given these declarations, the following subscrip- 
ted 2-objects are valid 
ACC UL? | (5-11) 
CeRen oe s0u (5-12) 


MEMORY [MAR] (p= 3) 
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61 
MEMORY [ACC] (5-14) 


Expressions (5-11) and (5-12) are valid since 
booths (ACC “and 'GPR" are defined as G=DEt Vectors, 
and the integer subscripts identify specific elements 
Or these, 2-objects.— The expression (5-13) is valid 
Since 'MAR' has been declared to point to 'MEMORY', 


while (5-14) is defined since 


ACC ==» MAR 
Inmecontras tsi the *expression 
ACC [WORD] 


is undefined since there is no data-path from 'WORD' to 
eny Other 2-object pointing to ‘ACC. 

Finally,-it is important to note that for double- 
subscripted £-objects, the two subscripts are either 
both positive integers or both simple ~-objects. 


ARsimple aAracimelic expression Nhas@cnie general 


syntactic form: 


P (5-15) 


where the Pas are either 2-objects or integer constants, 
and the O,'s designate arithmetic operators. Simple 
arithmetic expressions describe a composite micro- 
operation with an integer domain and an integer result. 
The evaluation of an SAE proceeds from left to right and 


may be represented by the following sequence: 
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where 'V" is’ the &=object specified on the left” side 
Of the assignment statement of which the expression 
(5-15) £Ofrms a part (see 5.321). Bach* element -or-rie 
above sequence is defined only when it satisfies the 
required data-path conditions. For example, the first 


element of the sequence, 


is defined only when there are data-paths from ae and 
nes to the source operands of the operator On, and 
Exrom the operator's sink operand to ‘V", 


A relation useotethessyntactucgrorm 


Va ona (= LG) 


where ns and is are L-objects, referred to as the 


"comparands!' of ea and "Ry S is a language-defined 
relational operator belonging to the set 


Ro= 4=, -; ~9 Pye 2! (5-17) 


Rirelatton 1s a predicate which produces a cCruthsvalue 


'true' or 'false' as a result of comparing two integer 
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values. The value of the relation is Pore. sine 
Condition being tested 1s satisfied, otherwise it is 
‘talse'. 

Relational operators differ from the operators 
so far discussed in that they have no direct corres- 
pondence with the processor's operational units. 
MICROL relations are semantically defined only when 
their execution generates (in the microcode) a sequence 
of more primitive operations, for example assignment 
and arithmetic operations. 

Pest atic-cest CxptCos Onis also a predicate 
which produces a value “truc* or ‘false’. Thessyutax 


of this expression is of the form 


test Va (5-18) 
or 

test VIS] (5=19) 
where Ova is an L-object consisting of a single bit 


Ob 1s astatus-obyect, ana “Visi as 4a single— 
subscripted £-object with 'V' as a bit sequence. 
in other words, test operates on a single bat. 

Die cher valtie of the rererenced bi teat. the 
time of evaluating this expression is ‘1*, then the 
expression yields a ‘true’ value; if the referenced 
bit contains a 'O' then the expression value is ‘false. 
Tike relational operators, ‘test. is a languege-defined 
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Boolean expressions describe computations with 


bit strings. A Boolean primary is of the syntactic 


form 
i pees (5=20) 


where ree and 'P.' are 2—-objeEcts or binary string 
Gonstants, and "BL! is a dyadic Boolean operator 


belonging to the set 
Des AT Ye OF (5-21) 


A monadic Boolean expression possesses the syntax 
(MP) (5-22) 


where 'P' is an 2-object, and 'M' an operator from the 


set 


B= sae shb, shr, shila, shri, sshic, shrce} (5-23) 


Finally, a simple Boolean expression is either a Boolean 


primary or a monadic Boolean expression, or a string of 


the form 
S, B, Py (5-24) 
where soa is a simple Boolean expression, and Pas is 


an ~£-object or a binary constant. 

The semantics Of SBE "Ss are, similar to that. fox 
SAE's except that the domain and range of the expres- 
sions are bit strings. The evaluation of the SBE 


proceeds from left-to-right as in the case of SAE's. 
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Note that when a parenthesized monadic expression is 
encountered as an operand it is always the left-most 
element of the SBE. It follows that only one monadic 
Cxpressi0n may be presept’ in an” SBE.” This restriction 
arises because a monadic expression, when encountered, 
has to be evaluated before the rest of the expression 
can be evaluated, regardless of the left-to-right rule. 
If the monadic expression is not the left-most element, 
then the results of its evaluation cannot be stored in 
the left hand %-obj ect, Ssince=sehe Latter's current 
value would be destroyed. As a specific example, con- 


Sider the statement (see 5.3): 
1 SN Dee Ese lh 269) (5-25) 


Which Collealns an illegal SBE... The evaluation of (5-25) 


proceeds trom l[ert—-tCo-right,; and generates -tEnessequence: 


L 3= ALA B 


her=ther® “Cshl ec) 


Atethis stage, the evaluation of "shl C™ destroys: the 
current value of 'L'. 

A conditional expression (arithmetic or Boolean) 
is a means of selecting one of a given set of simple 
(arithmetic or Boolean) expressions on the basis of 


evaltiating One Or more predictes. The conditional 


arithmetic expression has the general syntactic form: 
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DE Ry then Ay else if R, then A. else ..... else 
Pa Re Sthen tA Seelse Ay (5-26) 
where the guantities PRA cs BOP ou San: represent 


either relations or status-test expressions, and the 
‘A, denote simple arithmetic expressions. 

The value of a CAE is always an integer and is 
obtained according to the following rules: 
(a) Stalnteing from 'R, ',evaluate the predicate "Rit 
(b) ee ee has the value “Crue, then the value vor 


the CAE 2S the value of the SAE rey 


(c) If 'R.' produces the value 'false', then steps 
i. —— ee 
(a) and (b) are repeated for "Ray's Finally, when the 


relation se produces a value 'false', then the value 
of the CAE is that of "Ag! 

The syntax and semantics of conditional Boolean 
expressions are defined analogously to those for CAE's, 
except that the alternative actions selected) are SBE's™ 
Cer c stheretore yield bit strings as values.) LE "BS! 


represents a simple Boolean expression, the syntax of 


CBE Ss is symbolized by: 


Tien By Slscuit R5 then Bo SL Se isos else 


i 


if RK, then B_ else Bo (5-27) 


where as before, the 'R,' designate predicates. 
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5.3 Statements 


The syntax of MICROL statements resembles that 
of most high-level software languages, in particular, 
ALGOL 60. However, the semantics differs because of 
the data-path restrictions existing in the processor. 
MICROL statements include assignment statements, goto 
statements, compound statements, conditional and for 
statements, procedure statements and declarations, and 
file statements. 

Statements are MICROL representation of micro- 
programs (or a part of a microprogram); each statement 
is mapped into a sequence of microinstructions in the 
control memory, each microinstruction possessing a 
Unique control nena address. Except for interrupts 
or branches, MICROL statements are executed sequentially 
except when parallelism is permitted within the processor. 
Theveconditions for parallelism are discussed in Chapter 


VI. 


b.o.k ASSignment Statements 

The assignment statement serves to assign the 
computed value of an expression to an g-object. Its 
syntax is given by 


= E (5-28) 
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Roba eCesand a hLerenaeMICROL expression. If n > 1, 
then (5-28) is a multiple assignment statement, whilst 
if n= 1, it is termed a simple assignment statement. 
The semantics of assignment statements have 
already been partly described in connection with the 
semantics Of expressions (see 5,2), For example, the 


Simple assignment statement 


(S29) 


< 
i 
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where 'V' is an &=-object, and 'E" an SAE of the form 
(5-15), will be executed in the manner described while 
discussing the semantics of SAE's. The evaluation of 
a multiple assignment statement initially involves the 
evaluation of the right-most &-object oe as a simple 


assignment statement. The subsequent assignments 


ot le = a 
Lo := Ly 
Ly = Lo 


are then “made, ‘provided “that 
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So LeoOLlO. otatemente 


A statement may be prefixed by a label (an 
identifier) forming a labelled statement with the 
syntax: 


lle tees (5-30) 


where 'L' is the label, and 'S' denotes the statement. 
iInGcerms OL¥the Generateds microcode, tlt treters=tostne 
concrolamemoryeaddress|of the first microinstruction 


Genera ledsecceasresult or translating 6 Ws 
A goto statement has the syntactic form 


goto L (5-31) 


where Ji" denotes a label... Semantically,. the, gote 
statement is identical to that in ALGOL 60. 

This statement differs from the other statements 
ijeMiCROl in ehnatelt. 1s an sexplici® command to the 
control to effect a change in the statement sequence. 
That is, its execution is independent of the structure 
and behaviour of the processon. Execution of the goto 
statement involves the transfer of the control memory 
address sequivarent.ot ‘i', to the control memory 
address-register, and a transfer of control to the 
sequence of microinstructions commencing at this new 
address. The timing requirements for this transfer of 


control is determined by the sequencing and address 


(Q£-2) 
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generation scheme implemented for the Sspecat teycontrol 


being microprogrammed [16,26]. 


5.3.3 Compound Statements and Blocks 


The syntax and semantics of compound statements 
and blocks are Similar to corresponding entities in 
ALGOL 60 [29]. The syntax of compound statements and 


blocks are, respectively: 


begin S Sy end (5-32) 


begin D,;D ore end (5-33) 


Here the 'D, ts! represent declarations, and the eS 


denote statements. 


Searels Condreional Statements 


Conditional statements in MICROL are if-statements 
and if-then-else-statements, which are given respectively 


by the following syntax: 


if P then S, (5-34) 


Toe eechen U else S5 (5=35) 


where 'P' denotes a predicate yielding a truth-value, 


ie is any statement other than a conditional state- 


ment, 'U' denotes any statement other than a conditional 
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Ora ror-statement (sees .8e5)), and 'S,! is any state- 
ment other than an if-statement. 

The execution of an if statement involves the 
evaluation of the predicate "P" and execution of 'S' 
aE the value or UPVPis true"; sotnerwise, control#is 
transferred to the statement immediately following the 
if statement. | 

lias jUunp Ls made from pares "S’ to a labelled 
Statement rcontaimediing si then Che "it PP’ clause as 
disregarded. It is to be noted.again that a predicate 
pcbes than a relation or a status-test expression is 
illegal in MICROL. For example, a Boolean expression 
may not be used as a predicate in the if statement. 

The if-then-else statement permits the selection 
and execution of one of several unconditional state- 
Mentss spsemantically;,a1lt isesimilarscovthesit ystatemen&: 
ieethe valuepoL thy 1nj(5a35),eisy “trues, (ehegstatement 
'U' is executed, otherwise "S,!' iS -executed, aa Lt "S,5' 


is itself an if-then-else statement, then the following 


is obtained: 


ieeP tten U else tise clei au else. (5-36) 


ue 1 — ~3 


The statements *U" and 'U, in (5-36) are referred to 
as the alternatives of the if-then-else statement, and 
the execution of (5-36) results in the alternative 


corresponding to the first 'true' predicate to be 


ak totjaoa qeaeniyy sek 
add paiwolint yiedelbemmnt Insnse 


bsliteds! 4 oF '2' abiedyo mort aoa ek quvt a 3t 
2? seuefo 'S 3i’ ane mene “s? ‘mt baatesnos snometeda 

staotbezg 5 tang f28oe baton bd of af 41 ,.bobtepezath — 
ei moksaexnxe teo7-aldsate & sO nottsies 5 ond zento 
adigasigzs neolocd © ,slqitexo 104 .dOnDIM at Lspellit 
jcansiste tt oid ni s2eelbscq & ee Seep ed Jon yam 
foidosise said eatinesy thotisicte vele-nad@=ib oA? at 
-gtpee fshoksipuooau [preven Jo sno Ie nobtupeke Bas 
:inetistate GL ot} od selinie st 41 .eiteobaanmeR. seltam 
4gomedsie ou2?),'suge* ai (20-2) 24 ‘4’ 90 sutev ano 3s 

"a! 23060, b4etepexs a "es" selwrendo ,begioexe al ‘yt | a 
entwotlol ofy cstv ,Josmeinte Sale-paild-ii ns IiSegL at | 

thenisddo at - 


(d€-2) go aaio ,U nett 2 3, 


i 
—— end ae 


o Ung $8 


od Pevxetax ets (3622) ai ‘0 Gon 7S? edasmetade edt 
ns ytnemersde ssia-nsdi-T ons 30: Reliant ois es 
evisenioste Sia ni azloans “at=e) + doaraieeac ody.’ 
‘fied stdotheag ‘aun: saci edt Bee 


72 


executed. If none of the predicates are ‘true | buen 
"S3! is selected for execution. 

A jump to one of the alternatives from outside 
the statement is illegal. However, if a jump from 
outside "S3' is made to a label contained in 'S3', 
then the preceding part of the if-then-else statement 


is ignored. 


5.3.5 Iterative Statements 


Microprogrammed iterations may be of the follow- 
ing types: 
(a) AWsequence Of MLCTOINSCLUCTCIONS areuiceranlyely 
executed until an S-object is set ‘'on' or ‘off' by 
virtue of one or more of the iterated instructions. 
The state of the S-object is altered by the hardware 
as a consequence of the operations performed within the 
iteration. However, the S-object state (value) has to 
be explicitly tested by the microprogram in each 
iteration. 

Tterations of this type are described in MICROL 


by conditional statements, for example 
Tl: if test OVFLO then goto EXIT else &; goto LL; 


where 'OVFLO' is the S-object controlling the execution 
of '"S'. Exit from the loop occurs when the "test OVFLO' 


expression yields a 'true' value. 
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(b) An £-object which acts as a counter, is expli- 
citly incremented (or decremented) from an initial 
value by the programmer in each iteration. Control 
passes from the loop when the counter contains a 
desired value. 

MICROL permits the specification of iterations 
of this type by means of the for-statement which has 


the following syntactic form: 


LOraVel£rom Mane stepaX puntail X, do Ss (5-37) 


A 2 


where 'V" represents an £-object, 'X.', 'X.', and 'X,' 
are either L-objects or integer constants, and 'S' is 
either an assignment statement or a compound statement. 

The semantics of MICROL for-statements are iden- 
tical to those for the corresponding construct in ALGOL 
607 (29); "in addition, the rollowing data-path conditions 
must be satisfied: 
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since the assignment 'V := xX, is made during the execu- 
f10n OLmiib—o VE LEurthermore, since the value of *V' 


ve ancreacea in Gach iteration by the value or 'Xo', 


in effect the following statement is also generated: 
Wiest ature (5-38) 
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V es) EN 


X, eee TN 


UE lene wie 


where 'IN3' and 'IN4' are declared as source operands 
tothe fr yeoperator, and "OUT!" has been defined as 
its result operand. 

It should be noted that iterations of both types 
above may also be described by means of 'while-state- 


ments! of the form 
while R do Ss 


woere: "RR" 1s a relation, and *S"), the statements) “to 

be executed. In designing MICROL however, the for- 
statement was chosen for specifying iterative processes 
because of its association with ALGOL 60. Furthermore, 
the while-statement suffers from two disadvantages. 
Fiustly pe consiuering giterations of type (a) above, a 
while-statement corresponding to the given example would 


heavesto (be Gre the, form: 
while OVFLO = 0 do §& 


Fowever, "OVPLO'sds a stdtus-ODject sO tial Luscannoc 
Participate in a relational cxpression (eqn, Sglc). 
This statement is thus undefined. A possible solution 


isto provide an additional construct of "the form 
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do => Until test OVELO 


secondly, for iterations of type (b), the use of the 
while-statement would require the following set of 


statements: 


while xX S X do beqiun to; X t= X + X5i end 


That is, additional initializing and incrementing state- 


MeEntseare-necessary . 


5.3.6 File Transfer Statements 


File transfer statements are commands for trans- 
ferring data between files and %-objects. They are 
analogous to assignment statements, and have the follow- 


ing syntax: 


get pheto: VirVoreeeeee Vy (5-39) 


put V) into F (5-40) 


where the yess denote £-objects, and 'F' denotes a 
file name. The get statement (5-39) involves the 
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'V,' to ey anges On. S1hisvimpliesathateinworder 
thate (5239) sbe defined, the following conditions have 


to be satisfied: 


Vy ay 
n 


The put-statement (5-40) is executed by transferring 
the contents of the &-object ae torche acuivewceli 


Of "Fs he statement is executed correctly only if 


Ne came F 


Furthermore, execution of the put statement requires 
that the bit string contained in 'V' when encoded before 
Ereansecuring scOutnie elite, FW eyieldtanvalic) | Chai i 

At the end of statement execution, the currently 
aCEIVeweoUIMOr ene relerenced tiie ise deactivated, Vand 
the next cell is made active. Thus if two consecutive 
Get, (Or put) Statements are executed, the result is 
that two consecutive chars from consecutive cells are 
Feacwrrom (Or writ teninto) scespectively.. 

Thos iMportantwtOoenotLoutLnat Cheeexcevtion OL 
file transter statements results in the actual transter 


between I/O devices and memories. For processors in 
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which I/O transfers are executed by separate data 
channels and if the channel commands are executed 
under Macroprogram control, then the file transfer 
statements will be part of the channel microprograms. 
The microprograms may reside in the main processor's 
control memory as in the System/360 Models 40 and 50 
[16]. Alternatively, if the channels are separate 
processors, they may possess their own control memories 


which will then contain the channel microprograms. 


Seow 2 Fe besControl Statements 


A set of language-defined primitive control 
operators are available whereby the MICROL programmer 
may issue file control statements. The file control 
operators are as follows: 

anite: Ls actionsis to vinativate and makesactive, 
aLCOMpOSI Le file unit Wle.g.8a Cardvor.a Lape record) 
for subsequent file operations. 

ters: the “converse sol tie init seperaron, its 
effect is f£O. terminate the activity or complete the 
aAGtivity OL some composite unit of a file. 

bsp : defined only for files identifying magne- 
tic. tapes. this operator, deactivates, thevcurrenc cel | 
andy activates, the preceding cell of the designated) file, 

mwa : also defined only for files identifying 


magnetic tapes, its action 1s Co cause continuous 
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Dackspace of the designated file™until’the first cell 
GF ete 1 1irst record becomes active. 
The init and term statements possess the follow- 


ing syntactic forms: 


play ee (5-41) 
Pac F, [Vv] (5-42) 
term F. (5-43) 


where “E* denotes any file that issnot of the form 
Keb ea Uap avenre le bil pus 'FA! symbolizes files of the form 
“diski! or ‘drum)' only; "V" denotes a simple 2=object, 
and Cae denotes any file. The semantics of the 
initiating and terminating statements depend on the 
Pree semelascs OL) fi lessaddressed Dy ticW-a me Om selenite 
statement, the semantics are defined as follows: 

(a) if 'F" as of the form “cardris., “then the state-— 
ment causes a card to be made available for some subse- 
guent Eile operation. in this instance, the composite 
pile Unit wis a Card... The first cel ocsthe tite: (i.e 
testers. column) (is. made active.  ~oamilarly a bY eis 
GE the form 'cardpi.", the statement) causes, a, blank 

Card. to wbeamade aval lable. (inestirse, coll or the cale 
TSepuceincoO the active Stace, sald, Cependingron (lhe 


implementation, this may correspond to either a column 
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(b) When 'F' refers to a magnetic tape, execution 

of (5-41) results in the next inter-record gap being 
sensed by the read-write head. That is, the next tape 
record is made available for subsequent file operations, 
and the first cell of this record activated. The com- 
posite funzeerorethisefiijtem sSadrecordaserhetinutistate— 
ment for a magnetic tape file is defined only when 'F' 
has been previously declared within a qgetedeclaration 

as a source operand. Otherwise, if 'F' was declared 

as a Sink operand, then the file would be defined for 
Sutpuse Operations jonly;sso that Lf rit wereva thlankstape; 
the inter-record gap would never be sensed. 

(ea) ihe Beeismestthe form Whines, tehenethessteves 


ment execution results in the next line of printing to 


be made available. The composite unit for this file is 
eo tine. “The fixnst cellof the line is) activated, 
(d) When 'F!' denotes a teletype reader or printer, 


the init statement causes a carriage return action, a 
new line of char or a line of printing to be made 
available yjmand the ti rst ce] leoluthe Wine sto: be acti- 
vated. 

(e) Tete! is on thevforme!ptaper the ina tracing 
statement results in the next record separator charac- 
ter to be sensed. That is, a record on the paper tape 
designated by the file name is ready for subsequent 


Evleveperations, with the Wixrst cell in the active 
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state. An init statement for a file designating a paper 
tape punch is undefined since the file denotes a blank 
paper tape and the record separator would never be 
sensed. 

VE) For files designating random-access devices, the 
int *statenenteolethe “for ¥(5=42 Wiis Mised) Sinawiicheaty.' 
denotes an f-object containing the address “of “some 
GCompes1 Geetmletunity “ThatTis7eauv" idesiignatesea file 
address. The result of executing the init +statement 

iS to ready a track, or -a track and sector (depending 

on the file organization), as determined by the contents 
Cf Vi peand ,aCeivate tne stirs cel liom Lhe scompost te 
unit. The statement is only defined if there is some 
P-object..'B such that 


ada Pts <declarled= to point. tO, tiesciLe ee 

fhe term statement (5-43) 1s only defined itor 
files of the type 'ptapep" and ‘mtape™. When Eo. 
denotes a paper tape punch, the statement causes a 
record separator character to be punched, Similarly, 
for magnetic tapes, an inter=record gap 1s created on 
the vesidnated file, provided that "FS! is declared as 
a@ Sink within a> pul deeVaration’ 

There are two special file control statements 


defined in MICROL for files denoting 'mtape'. The 
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Syntax for these statements are as follows: 


bsp F (5-44) 


rwd F (5-45) 


Execution of (5-44) causes the currently active cell of 
the file #Pteto be de-activatedvand-thespreceding ceitt 
to be made active. The rwd statement causes a sequence 
OhSOSpeCperationsitenbe performed in successionsuntre 


thevransthecelbeof fF ers sinder the nead-write head? 


5.4 Procedures 


The concept and use of subroutines is provided in 
MICROE in the form of procedures, which may be called by 
procedure statements located elsewhere in the micro- 
peogram.  Syntactically;, MICROLP procedures are similar 
tO those in ALGOL GO [29]. “However, for procedures 
With perameters, all the parameters ave Called by value 
PETOG eo exceccCuLing tie, precedure, Furthermore, cle 
parameter mechanism in MICROL procedures is considerably 


simpler. 


5.4.1 Procedure Declarations 
Te sviltdx Of Procedure deClaraclonus abe Given Dy: 
proc PB (5-46) 


proc P(V)1Vor ata sauecs IV) (5-47) 
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where 'P' denotes the procedure name, UNG Ma el or nd 
is tne vse’ or forma! Parameters, where each aes is an 
£-object or a file, and 'B' is the procedure body which 
may be either a compound statement or a Dlock. ihe 
declaration (5-46) is termed a parameterless procedure. 

A MICROL procedure declaration represents a micro- 
programmed subroutine and may itself contain within its 
body, a call to another procedure. ‘The number of pro- 
Ceaures that, May be nested will be a function of tie 
language implementation, 

| A procedure declaration is equivalent to a; block, 

so that its execution implies essentially the execution 
Omecits =. DLlOoCck. , ena tiie Operands OF tie” pLocedurc.— 
that is, the quantities involved in its execution - are 
Ghe'operands, or this block. “Operands may be "global 
CGEe-rormal as) in ALGOL, 60 [297]. 

Since the semantics of procedure declarations 
are closely connected to procedure calls, a discussion 


Of the semantics 1S deterred to Section 5.4.23. 


5.4.2 Procedure Statements 


A procedure statement serves Co initiate execu-— 
tion of a declared procedure. The statement has one of 
the following syntactic forms: 


Calle (5-48) 


call P(VyrVoree++rVy) (5-49) 
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where 'P' denotes the name of the procedure being called, 
and "(Vy rVoresee Vi)! denotes a list ol actual parameters, 
defining the £-objects or files that the procedure uses. 

The form of a specific procedure statement is 
restricted by the form of the corresponding procedure 
declaration. Thus if 'P' represents the procedure name, 
then the statement must be of the form (5-48) if the 
Corresponding declaration for “P" sis of the form (5-46); 
Similarly the statement is of the form (5-49) if the 
corresponding declaration is given by (5-47). Further- 
more, the length of the formal and actual parameter lists 
must be equal. 

All identifiers Occurring in asprocedure state- 
ment must represent quantities that are defined when the 
statement is executed. Thus the statement must reside 
iiesome olock chat 1S identical (to, .oGpewithinzeada block 
containing the procedure declaration, so that the jname 
Pel sabist ies tiie Conditions slieeaceual pabanelerns 
Ace must also have been declared as £-objects or as 
files _inesome block thateis 1dentical, to, Or external 
to, the block containing, the procedure declaration, .so 
fhatawhen control is transterred from the sprocedure 
statement, objects corresponding to the actual parameters 


exist in the procedure's environment. 
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5.4.3 Semantics of MICROL Procedures 


When a procedure is called from somewhere in the 
program, the corresponding declaration becomes ‘'active'. 
However, the execution of the procedure is valid only 
when the following conditions are satisfied: 

(a) Given the formal parameter list "(Py Fores ee FL)! 
in the declaration, and the actual parameter list 


"(Ay Agree ee AL)! in the statement, there must exist 


the data-paths 


* . 
A; ane dy Dope es tel) e 


If such data-paths exist, then the contents of each ave 
1S transterred to the corresponding ey ate Cae ecimenoL 
the procedure call, and before the procedure is execu- 
ted. That is, tor procedures with parameters it is the 
Value COntained, 1h tne eas) at the Limexof -the call 
that are used in executing the procedure. If "A; ' is 
the file name, the value used is the internal represen- 
tation of wher “char contained in the currently (active 
cell of the designated file, 

(b) When global operands are encountered, the values 
of the operands are those that were contained at the 
timeror entry to thes procedure declarcationei: the decla— 
ration were to be regarded as a block. That is, the 
values ot the global operands are those wales  con- 


tained in them when the declaration is first encountered. 
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If the operand is a file, then the corresponding value 
woulda be that contained in’ the cell that was Active at 


the time of encountering the procedure declaration. 
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CHAPTERS Vi 


SUMMARY AND RECOMMENDATIONS 


Or ens Summary Gl the Capabilities of MICROL 


Teo tel cCsby this author tia previous worm on 
Nighn-leével microprogramming, languages has, been rather 
arbitrary: that the currently available languages were 
developed without adequately establishing a logical, 

a priori framework. This consideration motivated the 
EneoretiCal tmamework developedsines Chapter [ll sslt ts 
felt that the use of this framework in defining MICROL 
resulted in a more logical and unambiguous language 
than those available at present. 

The main features of MICROL are summarized as 
follows: 

(a) The syntax of MICROL executional statements are 
based on ALGOL 60. 

(b) Variables in MICROL statements are not data- 
ObseCesyOreac teed “Eypec but, are ocavvon-ob jects, 
files,, and Status-ob jects... The values oOfltheso entities 
are interpreted as integers, bit strings, truth values, 
or characters according to the operations performed on 
them. 

(c) A set Of Composition  ,ules are provided whereby 
primitive 2-objects can be combined to form more com- 


plex 2£-objects. This permits emulated memory elements 
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to pbe tdetinedwin terms of the 'host" processor's memory 
elements. 
(d) A set of language-defined operators is used in 
The sEOrm Of Operator declarations ‘to describe the 
processor's data-flow. These operators are MICROL 
representations of hardware operational units. 
(e) File-statements and file-control-statements 
provide facilities for microprogramming 1/0 operations. 
(GED) The provision of time-object declarations. 
MICROL extends the capabilities of the languages 
described in Chapter II in the following ways: 
(a) A set of declarative facilities is provided by 
which a large class of processor organizations can be 
defined within a MICROL program. Furthermore, the 
language may be used to microprogram both horizontal 
andivertical control stores. Vinithie respect, 2t -com= 
bines the capabilities of Husson's language, MPL, and 
Cbg 
(b) A Common cniaracecenictr croc Lie languages des— 
Gribed in Chapter 11 is “the lack of facilities, for 170 
operations. These facilities are provided in MICROL, 
tc) The availability of time-objyect declarations 
allow ethe timing=attribputes Of ther processor to be 
defined. This facility is provided in CDL, but to a 
very limited extent. MICROL allows a wider class of 
timing attributes, both for memories and operational 


Unves, to be speciiied. 
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6.2 Further Research 


As noted in Chapter I, the scope of this thesis 
excluded the subject of implementation. The most 
obvious extension of the present work would be the 
design of a MICROL compiler. In particular, the 
following aspects of the compilation process should 
be investigated: 

(a) The syntax of MICROL has been defined by means 
of a simple precedence grammar [1], and is given in 
Appendix A. The choice of this grammar was motivated 
primarily by the fact that a simple precedence grammar 
generates an unambiguous language [1]. It is asserted 
therefore that MICROL is unambiguous. 

The simple precedence grammar is relatively easy to 
construct, and has been widely used for other program- 
ming languages [38,39]. Unfortunately, the requirement 
that pairs of symbols must have unique precedence 
relation between them, necessitates a large number of 
edartr1onal procquction rules. For purposes of amplemen= 
tavion, a more Grricient grammar, such, as the LR (kK) 
Evyoe. | 1) “should be developed; 

(b) MICROL has been defined using ALGOL 60 as a 
basis, and Many of the Concepts employed in construct-— 
ing ALGOL compilers may possibly be used in implement-— 


ing MICROL. The main departure from ALGOL implementation 
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would be in the code generation routine, since the 
assignment of physical resources (main memory words, 
local store, and hardware registers) to 2-objects is 
actually determined by MICROL declarative statements. 
Furthermore, the timing attributes of operational 
units have to be used in order to determine the time- 
validities of the resulting micro-operations. Inves- 
tigations of efficient code generation procedures for 
MICROL are therefore suggested. 
cc) The compilation strategy should be such as to 
provide maximum emphasis on optimizing the microcode 
at the expense of, if necessary a slow compiler. The 
latter would not be a serious disadvantage, since the 
total compilation time for any set of MICROL programs 
should be very much smaller than the total execution 
time for the resulting microcode. 

Microprogram optimization was first studied by 
Kleir and Ramamoorthy [21], and more recently, by 
Sitton [31]. In essence, microcode optimization 
involves the identification of alternative and equi- 
valent micro-operation ('action') forms; the analysis 
Of these equivalent action forms in order to identity 
redundant actions; and the construction of a set of 


deletion strategies for the optimal deletion of redun- 


dant actions. Further optimization studies can proceed 


in two directions: firstly, the implementation of the 
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algorithms developed in [22531] in practical ‘compilers; 
and secondly, the development of more general strategies 
for the optimizing microcode. 

(d) Another itacet’ to+mreroprogramreoptimization relates 
to horizontal microprograms, in which several micro- 
operations may be placed in the same microinstruction 
word: that is, parallel micro-operations are possible, 
The conditions for parallelism in microprograms are 
rather more complex than those established for multi- 
Processing*(274)]S"An algorithm for adentitying peraime 
micro-operations is presented in [8]. Further investi- 
gations in this area are necessary, particularly with 
regard to the implementation of this algorithm within 
the framework of real compilers, and the development of 


alternate algorithms. 
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APPENDIX A 


THE SYNTAX OF MICROL IN SIMPLE PRECEDENCE FORM 


We sVeClaracions 
(1) <£-obj-dec1>: :=<simp-2-obj-dec1> | <mult-2-obj-decl> 


(2) <simp-2-obj-decl>: :=<2-symb-cl>bit|<-symb-cl><char-string>| 
<’-symb-cl><char-string>[<identifier>]| 
<’-symb-cl><char-string>[<int-width>]| 


<%-symb-cl1l><comp-2-obj> 


2 eb ge oy -Cl-cetiip Ob j-Oecl >| 


=. -symbp-Cl> <mule-" op j—-deci 


(4) <2-symb-cl>::= loc<char-string>= 
(Ss) <comp=)-ebj> s:—= <seq--o0b) |) <tuple—)-obj >| <union——-obj> 
(6) <char=string> s:= <identitier> 


(7) <seq-2-obj>::=seg (<int-width>) bit |seq(<int-width>) 


<letter-string> 
(8) <tuple-obj> ::= <phase-clause> 
(9) <phase-clause> ::= (<phase-list>) 
(10) <phase-list> ::= <phase-id-list> 


Cis) <phase-id-list>: :=<letter-string>|<letter-string>, 


“piase-Ld— isle 
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<lebter-string> ts:=—Ischar-string> 
<int-width> ::= <integer> 
<union--obj> ::= union<tuple-2-obj> 


<identifier> ::= <letter>|<identifier><letter> 


<identitier><lVetter><digit> 


<letter> ::= alb|c|dle[f[g/h]ilj|k|1|/m|nlo|p|q|r|s|tlulvy| 


w|x|y|z|A|B|c|D|E|F|G|H|I|J 
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<integer>::=<digit>|0<integer>|l<integer>|2<integer>| 
3<integer> | 4<integer> |5<integer>|6<integer>| 


7<integer>|8<integer> |9<integer> 
ccs sO 2) ee See 7ioh Oo 


<time-unit-decl>: :=<unit-symb-cl><unit-time-cl> 


<Unte-symb—-cl> timeunit<char-string> = 
<unit-type-cl> ::= <int-width>nanosec 
<phase-decl> ::= <phase-symb-cl><phase-val-cl> 


<phase-symb-cl> ::= phase<char-string> = 


ephase-val-cl> si= (<int-width>:<int-width>) <letter—-string> 


(<int-width>:<int-width>) nanosec 


<bmc-decl> ::= <bmc-symb-cl><phase-clause> 
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(26) <bmc-symb-cl> ::= bmc<char-string>= 
(27) <stc-decl> ::= <stc-symb-cl><phase-clause> 
(28) <stc-symb-cl> ::= stc<char-string>= 


(29) <rphase-decl> ::= <rphase-symb-cl><phase-cl> 


(30) <rphase-symb-cl> ::= rphase<char—-string>= 

(31) <wphase-decl> ::= <wphase-symb-cl><phase-cl> 

(32) <wphase-symb-cl> ::= wphase<char-string>= 

(33) <phase-rel-decl>::= <phase-rel-arg><phase-rel-funct> 
(34) <phase-rel-arg> 2s = SyMC-chat—st ring 

(35) <phase-rel-funct> ::= with<char-string>Kwith int-width> 


(36) <file-decl> ::= 9<ftille=name-cle<status—-obj]-cl> 


Coe) <file-name-cl> ::= file<file-name> 


(38) <status-obj-cl> ::= with<phase-clause> 
(39) <file-name> ::= <file-prefix><integer> 
(40) <file-prefix> ::= cardr|cardp |mtape |disk |drum|line | 


ttr|ttp|ptaper |ptapep 


(41) <operator-decl> ::= <op-symb-cl><op-width-cl> 


<op-time-cl ><op-param-cl > 


(42) <op-symb-cl> ::= op<operator-list> 
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(43) <operator-list>::=<prim-op>|<prim-op>,<operator-list> 


(44) <prim-op> ::= +|-|add|sub|plus|min|a|v|/@|sh1|shr| 


shid|shurlshtelchrelweniper 
(45) <op-width-cl> ::= width<int-width> 
(46) <op-time-cl>::=<op-time-lower-bound><op-time-upper-bound> 


(47) <op-time-lower-—bound:: =bet<char-string>|bet[<int-width>] 


(48) <op-time-upper-bound>: :=and<char-string>|and[<int-width>] 
(49) <op-param-cl> ::= <source-set><sink-set> 
(50) <source-set> ::= from(<phase-list>) : (<phase-list>) | 


from(<phase-list>) 


(51) <sink-set> ::= to (<phase-list>) : (<phase-list>) | 


tol<phase-list-—) 
(52) <£ile-op-decl> ::= <file-get-decl>|<file-put-decl> 


(53) <file-get-decl> ::= fop get<op-width-cl><op-time-cl> 


<Gete-paLram—cel> 


(54) <tile-put-decl> 7:= top put<op-width-cl--op-time-cl- 


<put-param-cl> 
(55) <get—-param—-cl> :2= <qet—-source—-Set-<get-—sink—set> 
(56) <get-source-set> ::= from(<file-name-list>) 


(57) <get-sink-set> ::= to(<phase-list>) 
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<identifier><two-subscr> 


<one-subscr> ::= [<alpha-string>] | [<int-width>] 
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<file-name-list>::=<file-name>|<file-name>, 
<file-name-list> 
<put-param-cl> ::= <put-source-set><put-sink-set> 
<put-source-set> ::= from(<phase-list>) 
<put-sink-set> ::= to(<file-name-list>) 
Statements 
<SLacement> == «labelled-st>|<unlabelled-st> 
<labelled-st> ::= <identifier>:<unlabelled-st> 
éunlabelled-st> ::= <assigm—st> |<gOto-st- | <plLo-sL| 
-cond-st> | <f0r-ct> |<plock=| 
one aS it ile et laa 
<assign-St> *:— <€-obj—-list><right—hand—-expr> 
(Obj aiast= 22 =) <)-Obge |< -Obgclict. <0 Ob je 
<U-=Obgj> += <alpha-String> |<cubscr—)—op7- 
<alpha-string> ::= <simp-f-obj> 
<simp-2-obj> ::= <identifier> 
<subscr-{-obj> ::= <identifier><one-—subscr> | 
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(72) “<EWO-SUbDScr> "::= [<alpha-string>::<alpha-string>] | 


[<int-width>::<int-width>] 


(73) <right-hand-expr::= [=< 2-obj>| :=<simp-arith-exp> | 
s=<status-test>| :=<simp-bod-exprs> | 
7 <cond=ari th-expr>| s—<cond-bool-expro| 
2=<Simp-arith-expr><rel-op> 


sola Lele xc 
(74) <simp-arith-expr> ::= <prim-arith-exprs 


(75) <prim-arith-expr>::=<arith-prinary> | 
<prim-arith-exprx<arith-op> < simp-g-obj>| 
<prim-arith-expr>arith-op><subscrg-obj> | 


<prim-arith-expr <arith-op> <integer> 


(16) <arith=primary>::= <g-0bj ><arith-op><simp-2-obj> | 
<-obj>sarith-op><subscr—g-ob jr | 
sy-Obj><arlen-op-<srgued—inty| 
<y-obj><arith-op><integer> | 
<Signed-int-width><arithop>simp-y-obj> | 
<Signed-int-wid th><arith-op><subscr-2-d}j> | 
< int-width><arith-op><subscr-,-obj> | 


< int-width><arith-op><simp-2-obj> 
(77) <signed-int-width> ::= <signed-int> 
(emacs oned-inth) t= neg antegqer: 


(CUI Saree Mv tO) See et +|-|plus|min|add|sub 


JoL 


[<ddbiv—tat>tvedibiwtaats) a : 
_ 


| <axo~-nditm-amies=s)|(etdd-9s=3 esicnqeesined-3tu22> (ES 
* 


letest=-ciissus=s 


' ToxH—[) rt mire>=; 
i ‘ 
Eye | 506: -0009>-F¢ lets <2! tt 6£-D09 =< 
= ! 
GoniLos 72S“ LI6=-OMLes>ss 
’ = [iw - 
<j I~. 1b" 
“t\ixs-Atite-niage =: ciqxo-eree-qisae> 
7 
eriniltpa-is) téep=: :<td“s-dtlta-mintg> 
toce-7— 2 J ’ - 7 
7 
*y i \--4 f yy | . Aa i 
j rm i> <<GO” | 5 rc} j- hate i bid 
‘ ‘ * 5 eee . _ 
rol its jo-nF tsarerde , +25 <¥eEett sq~f3 L3B> 
i 
rc —JO2Ul bio ot Os 
rIHi=~HSew =fichd 
' ~ a 
he) bo ee ; : i 
| <feler~yepnn Sara tmoctich tw—atni-wsrnivins . 


| <(tprsad ue go ( psis Se 


pefda~j-—sSathitas<qo-iy ite fab oval 


cr 


4£G0—)-Qyeles<qg-—tltaine:<sbiw-aat > 


; a = 
éJai-bonpit» =:: «<P9biy-gak=bom 


ts — 
dup BGS | nid! arte =|+ : rs cé 
_ <= 7 


7 


(80) 


(81) 


(82) 


(83) 


(84) 


(a2) 


(86) 


(87) 


(88) 


(89) 


(90) 


(OL) 


102 
<simp-bool-expr> ::= <prim-bool-expr> 


<prim-bool-expr> ::= <bool-primary>|<mon-expr> 


<prim-bool-expr><dy-bool-op><simp-2-obj> | 


<prim-bool-expr><dy-bool-op><subscr-g-obj> | 


<prim-bool-expr><dy-bool-op><bin-const> 


<bool=prinarys= = <2-obj ><dy-bool-op><simp-2-obj> | 
<2-obj ><dy-bool-op><subscr-2-ob}j> | 
<2-0bj><dy-bool-op><bin-const> | 
-bin-ints<dy-bool-op><simp—9-obj >| 


<bin-int><dy—bool-op><subscr-2-obj> | 


<mon-expr> ::= (<mon-bool-op><2-obj>) 

<bin=int> ::= <bin-const> 

<ban-consts <2:=  ‘<bit—string>’ 

<bit-string> ::= <bin-digit>|<bit-string-<bin-digit> 


<Din-adigit>, <:= 170 


<dy-bool-op> ::= Alv/6 
<mon-bool-op> ::= —|shl|shr|shli|shri|shlc|shre 
<cond-arith-expr> ::= <if-expr><then-arith-expr> 


<else-arith-expr> 


<if-expr> ::= if<relation>|if<status-test> 
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<relation>::=<simp-arith-expr><rel-op><simp-arith-expr> 
Sree = | 
<status-test> ::= test identifier 
<then-arith-expr> ::= then<simp-arith-expr> 


<else-arith-expr> ::= else<simp-arith-expr> | 


else<cond=arith-expr> 


<cond-bool-expr>: :=<if-expr><then-bool-expr> 


selse—bool-expr> 
<then-bool-expr> ::= then<simp-bool-expr> 


<else-bool-expr> ::= else<simp-bool-expr> | 


else<cond=boolsexpr> 
<GOCO-St>*s— goto<identriicr> 
<cond-st> ::= <if-then-st>|<if-then-else-st> 
<if-then-st> ::= <if-expr><then-st> 
<if-then-else-st> ::= <if-expr><then-st><else-st> 


<then-st>::=then<assign-st>|then<goto-st>|then<block> | 


then<file-st>|then<file-ctl-st>|then<proc-st> 


<else-st>::= else<assign-st>|else<goto-st>|else<block> | 
else<file-st>|else<file-ctl-st>|else<for-st>| 


else<if-then-else-st>|else<proc-st> 
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<for-st> ::= fors2-obj><from-cl><step-cl> 
UntLl-=cle-do-cl> 

<EroOmecl> <3: from<)-0bj> |from<integer> 

<step-cl> ::= step<?-obj>|step<integer> 


Until Cl et Une -Ob) unt -aneeger> 


<do-cl> ::= do<assign-st>|do<block> 
Sfile-st> seer bi le-namesto<y-obj-liste, 


put< 2-obj]>into<f1le—-name> 


Stile CU Sots: Lee -name> ini. bbe maine > 
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<other-file-ctl-st> ::= <file-ctl-op><file-name> 
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eblock>::=begin<decl—V1st><st-list>end|begin<st—list>end 
sdec liste er. <cdata-Obj—-last> 


<data-Obj=11St>:3—<decil>, | <decie;<data-obj—list> 


<decl>::= <2-obj-decl>|<time-unit-decl> |<phase-decl> | 
<bme-deel>|<stc-decl>|<phase-rel-—deécl>| 
<file-decl- | <operator—decl>|<tile-op-decl> 
est-list> ::= <exec-lists 


<exec-List>::=<statement>|<statement-str><exec-list> 
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<param-list> 


<proc-decl> 
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<“Stactement—-str> ::= <statement>; 


= call<identifier>|call<identifier> 


(<param-list>) 
2:='<L-obj-list> 


::= proc<identifier><block> | 


proc<identifier> (<param-list>)<block> 
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APPENDIX B 


EXAMPLES OF MICROL PROGRAMS 


Some examples of microprograms using MICROL are 
presented in this Appendix. Two processors are consi- 
dered here: Microdata Corporation's MICRO-1600 [41], 
and the IBM System/360 Model 30 [19]. In the micro- 
program examples, comments a@re written in the form "Fs#", 


WheLG east 15 adeScring Of characters. 


begin. # MICRO-1600 description follows. For further 
reference, see [4a S 
loc M= loc N—lec OD = loc FLAGR—(WockGPR= ldcam—giac T= 
seq(8) bit; 
loc WORD = loc RH = loc RL = seg (8) bit; 


loc MEM = seq (4096) WORD; 


loc FILER = seq (16) GPR; 

loc MAR = (M,N); 

Hoe ARE 8 (RHARL iy 

log LREG = loc LSAVE = seq (12) but; 

loc TOCt= Seqea(3)) bit; 

loc AL = loc ML = bit; loc LINK = (AL,ML); 
# start file declaration # 

Giles TROL wi Ln Ree); 

file TTRO2 with (KBF2); 

# time-object declaration # 


phase P= (0:200) nanosec: phase IOP= (0:1000) nanosec; 


106 


sx dOHDIM pI 


-[TanHood at 

: : 

‘ tf - {) 
—-orotm 
S25" m1 4 


rola rud 


fear (o00 10) 401 — ij +oesone 7 (00520) 


— 


if _ 


aMADORT JORIEM BO: BEEMAa 


‘at 


ad 
- 
W 
ne 


eidasssord owt inane atv? ai B snseerq 


2 notdssogreD stebot2imM :exed bexel 


sdti ni neitinw 918 eiobitioo .ecigqnaxs ae 


oS 
v 
_ 
' 

a 
- 
= 

nr 


elif ni .{[€i) o& fshoem Oo 34By2 Mat od 


-arsitatero jo prizte « af ‘ig! ie iw 
2 


+ ee 
10% ,swollot doisqitoash 0061-OADIM 4 miped 


2G CIC yix io Hh) m3 = MIM 


;HID (aL) pes = Rad 


(wid ($37 psa = AY 
i ;aad. (é) pae = ee: 
= 1M pol. = aA volt 
— 
7 Nstsstsloab ont a 
; uf tan) cd Loar er oi 
| sO non 2 
i - w 
-_ _ 4 notswxs ‘ as fao~ 


oo 


yt0M, 245) = AKT wot 5 


4 

LS 

Ss 
— 


: 


: ry PT 
tent lace 


m 


i 
7 
= @ 


~~ tt. 


- 
mn 


107 


bmce -CYCLEG= .(P) 
phase MP1 = (0:400) nanosec; 
phase MP2 = (400:1000) nanosec; 


rphase RD = (MP1); 
wphase WIE = (MP2); 
stc MC = (RD,WTE); 
syne MC with CYCLE; sync IOP with CYCLE; 


# Operator declarations # 


Is 


s=width 8 bet RD and RD from (MEM) to (1) ; 
op:=width 8 bet MC and MC from (T) to (MEM); 


Op: =width 8 bel CYCLE Wand CYCLE) from (Ci) COn(OD) > 


Ope =wicdth 3 bet CYCLE and CYCLE from (T,RLV FILER, FLAGR, LINK) 


to (LREG,M,N,FLLER, 1); 
op +,- width 8 bet CYCLE and CYCLE from (T,RL,LINK): 
(FILER,FLAGR) to (LREG,M,N,FILER) : (LINK) ; 
# + and - uses two's complement arithmetic # 
op A,v,® width 8 bet CYCLE and CYCLE from (T,RL): (FILER,FLAGR) 
to (LREG,M,N,FILER) ; 
to (LREG,M,N,FILER) : (LINK) ; 
Op, Per width O ber 0 and 0 from (MAR) to = (MEM); 
# file operator declaration # 


fon get widin. 8 bet OP sand, TOP from (ITROL, TIRO2Z) to (i); 


# Example microprograms. "Example 1": Multiply two positive 
numbers. Each number 8 bits maximum including sign. The 


result ig to occupy two S=bitttile™ registers. The numbers 
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are in tile registers before the multiply is executed. 
The elgorithm is add and shirt # 
begin 

loc LOOPCTR = FILER[8] jloc MPLR= FILER(2]; 


loc MPLND = FILER[3]; 


T := MPLR; 
FILER [4] := 0; 

Lisif MPLND [8] 4 0 then FILER [4] := T + FILER [4]; 
PILER (4) := (Shr PILER (141); 
MPLND := (shri MPLND); LOOPCTR := LOOPCTR - 1; 


af LOOPCIR: - 0 then goto bi; 


end 
wevExanplej2" = Data input from two input devices to 
memory Locations ‘200° to "207%. The two devices pass 


their data alternatively. Assume the address ‘200° to 
be in file register 10 and 11 # 
begin 


loc SWITCH = FILER [15]; 


SWITCH := 1; 
L2:M := FILER [11]; 
N := FILER [10]; 


if SWITCH = 1 then begin 
get TTRO1 to MEM [MAR]; 
FILER [10] := FILER [10] + 1; 
SWITCH := 2; 


end 
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SS Sessile) 
get TTRO2 to MEM [MAR]; 
PIUBR (10) <= FILER (104) a oi: 
SWITCH := 1; 
end 


eo PLE LO 0 then goto. U2; 


end 


# Example 3” - 16-bit add, core-to-file. This routine adds 
Che contents of file registers AU and AL to a 16 bit: word 
in main memory at the address contained in registers OU 
and OL, and places the result in AU and AL. File designa- 
Evons.:sAUl= PiLER. [dls Al = EILER, [51> OU = FILLERS (3); 


OL = FILER [9] # 


Mies er elle Oneee nN eee Pet de Bie a9] ee 
FILER [1] s= MEM [MAR]; 
FILER [Sl vs= "FILER 19] + 1; 


Le LINK = lL then begin 


PIER, (8) = FLILER (oO) 
end 
PiGER, (5) f= JF LOBR (5). MEM [MARI; 
Toe Puke Pl et Lore PLO = INK 
PILER 04] 3s] FILER [4] 9+ 2 + °F LEER [101> 
end 
i ‘example 4" — Input a 32-bit word from an external 


device to main memory. The input device is a paper tape 


reader which inputs 8 bits at a time. Core memory address 
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is im registers OU =FPEER "| Sis "0lf =“FInER [94° 4 
begin 
Me:=" FILER (8); 
for FILER [1] from 1 step 1 until 4 do 
begin N := FILER [9]; 


get PTAPER] to MEM [MAR]; 


PLB R oq = PELER (9) +1 PILER[ 1] -= LINK: 
PLU | Ge s= 2CUER [8] +l + FiLER [11]; 
end 
end 
# "Example 6": Conversion of 3-digit BCD code plus sign 


eGo binary es. o1grm ms DS, the three digits are D2; Dil, DO: 
DS andaD2"are in BU = FILER [4]; Dl and DO are’ in BL = 
FILER TY = Binary cesult wali’ be Sn AU =P TLER AY ie and 
Aly ="FIGER [3] "The technique is to multiply each BCD 
digit by its power of 10 expressed in binary, and to add 
each converted digit value in an accumulator. A multiply 
procedure Ws Called for multiplication, ror further 


reference, see [41] # 


loc BU = FILER [4]; loc BL = FILER [5]; 

loc AUS] LER. [7] 3 loc Alnw= PLUER 131); 

GevoP = FILER [1]; # contains digit yalue | 

loc V = FILER [10]; # contains power of 10 in binary # 
log W= FILER [LL ; 4s dummy loop ctr} 
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7 UPecOntalns Lower two. digits: ¢ 


POpe eco. Step lounti i 4 a0 OP™:— (sir OP); 
cca OR sen O Ps Arle sae yes 051 Q:e 


call MPY (OP,T,V,AL,AU,LINK) ; 

OP = Sale == DU} OPr st =e TA OPPs Vy. = 100. 

call MPY (OP,T,V,AL,AU,LINK) ; 

Tepe ve ele tienegotonlid: 

AL := AL @ '11111111'; # one's complement of AL # 


AL 


AL + 1; # two's complement of AL # 


AU Some AU ease sl ates 

AU == AU +> LINK; 

goto LL4; 

pLOc My (OP 1, Vv ,4n,AU,LINK)> # the formal and actual 


parameters are identical # 


begin 
: ity OPPs 0s then "gore Jl Ry Sie 
A Wien ht Fe 
AL := AL + T; 
AU := AU + LINK; 
OP? = "OP «37; 
goto LL2; 
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begin 

# Example MICROL program for storage-to-register-add 
operation in System/360 Model 30. Instruction format 

is "Op, Reg, Storage Address". The register is within 
main storage. For further reference, see Iverson and 
Brooks, "Automatic Data Processing", John Wiley, 1969, 
pp.259-260 # 

# declarations - £-objects # 

loc BYTE = loc M = loc N = loc U = loc V = loc R = loc T= 


Loc, Go=— loc A —_ loc’ B= seq (8) bits 


LOCH ECTRe— wv i 
loc MAR = (M,N); 
loc MEM = seq (8192) BYTE; 


doce sbUS. endo (0,7 Rhyl, ,G) 7 
loc BBUS = union (R,D); 

# time-object declarations # 
phase » — (0:750) nanosec; 
rphase RD = (P); 

wphase WT = (P); 

bmc MC = (P); 

sync RD with MC; 

Syne Whew ees 

# operator declarations # 

op +,- width 8 bet MC and MC from (ZBUS):(BBUS) to (ZBUS); 


Opes = width 8 bet MC and MC from (ZBUS,BBUS) to (ZBUS); 
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op ptr width 0 bet 0 and 0 from (MAR) to (MEM); 
Op t= widens bet MC ands MC from (0), to (MoM); 


{= Wildes bet MC. and MC irom (Vo) xe) (N); 


eee 


—— 


or 
op := width 8 bet RD and RD from (MEM) se) (CR): 
Op == width 8 bet Wl and Wi £rom (R)’ to (MEM) ; 


# it is assumed that the instruction has been fetched, 


and the effective storage address calculated # 


AGL “2 MAR 2= PCIR: 
D := MEM [MAR]; 
MEM [MAR] := R; # memory regeneration # 
Disa ee nO ea easiest = a Ls 
R := MEM [MAR]; 
MEM [MAR] := R + D; T := T = 1; 


an V7 0 Eben goto AB1; 


end 
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